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ABSTRACT
The objective of this study is to develop new tribological methods for reducing
friction and wear of critical internal combustion (IC) engine components, namely engine
valves and cylinder bores, either using lightweight materials or advanced coatings.
Increasing the components’ durability by improving their wear resistance and optimizing
vehicles’ fuel economy by controlling the friction are among this study’s principal goals.
Most lightweight materials used in IC engines, Al and Ti alloys, suffer from higher wear
rates than conventional cast irons (CI) and steels. Ti alloy valves are proposed to replace
steel valves, but their high temperature wear resistance needs to be enhanced. Thus the
oxide formation on Ti alloys and its behaviour during high temperature sliding were
studied for the development of robust valve contact surfaces. Similarly, Al engine blocks
are used to supersede CI blocks, but the wear resistance of cylinder bores needs to be
improved. Accordingly, the oxidational wear on thermal spray (TS) coated Al bores and
its effect on roughness and lubricated friction were studied. Diamond-like carbon (DLC)
coatings as adhesion mitigating counterfaces for Al and Ti alloys exhibit low friction
properties, thus emerge as promising coatings for both valve seat inserts and piston rings.
Thermal oxidation (TO) treatment performed on Ti alloys generated a TiO2 layer
with an oxygen diffusion zone underneath. Compared to untreated alloys, lower sliding
wear losses were achieved on TO-Ti alloys at 350 °C (intake valve working temperature)
and 550 °C (exhaust valve working temperature). The propensity of crack growth in
oxide layers was also reduced as determined by high temperature impact tests conducted
using a self-built wear and impact tribometer. The high temperature friction and wear
behaviour of W-DLC coating deposited by physical vapour deposition were studied. Low
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coefficient of friction (COF) values and wear rates were maintained up to 500 °C. The
transfer layers consisting of amorphous carbon and monoclinic γ-WO3, as determined by
transmission electron microscopy, were responsible for the low friction and wear.
Requirements of cylinder bores differ from those of engine valves, as they operate
under transitions of lubrication regimes. Thus Stribeck curves were constructed to screen
suitable piston ring coatings and bore coatings with proper surface honing to reduce COF.
TS coatings, deposited by a plasma transferred wire arc method, could improve the
durability of Al bores, but their friction properties remain to be studied especially when
oxidational wear occurs. Reciprocating tests were performed with in-situ Raman
spectroscopy using base oil with and without zinc dialkyldithiophosphate (ZDDP). The
ZDDP containing oil refrained oxidational wear and delayed the transition from the
boundary to the mixed lubrication regime. This observation emphasized the importance
of using smooth bore surfaces to reduce COF. The friction behaviour of smooth TS
coatings were studied with reference to smooth and rough CI liners. TS coatings reduced
COF mainly in the mixed lubrication regime due to the improved oil retention capability.
DLC coated rings further reduced the boundary lubricated COF, as the formation of
carbon transfer layers was favored when interfacial contact was more prominent.
From an engineering point of view, this study showed the importance of
understanding the microstructural aspects of sliding damage process in designing new
surface engineering methods. These methods include generating preferential oxides to
reduce high temperature friction and wear for lightweight engine valves; and developing
durable and energy-efficient surfaces using the synergy of TS coatings, surface honing,
lubricant additives and piston ring coatings for lightweight cylinder bores.
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CHAPTER 1
Introduction
1.1 Objective of the research
Improvement of fuel economy and reduction of exhaust emissions are the major
driving forces behind the development of internal combustion (IC) engines. In this
context the use of Ti and Al alloys in IC engines has been the prevalent choice for the
purpose of vehicle lightweighting. This study is aimed at contributing to the ongoing
efforts in vehicle lightweighting and tribology, and the particular focus of this
dissertation is on critical engine components, namely engine valves and cylinder bores.
Thus, the ultimate goal of this study is to understand the fundamental mechanisms behind
the friction and wear reduction of lightweight Ti engine valves and Al-Si cylinder bores.
Accordingly, the specific research objectives are listed below:
i. Investigating the high temperature impact and sliding wear resistance of TOtreated Ti-6Al-4V alloys in comparison to untreated alloys.
ii. Studying the effect of oxide formation on high temperature friction and wear
reduction of W containing diamond-like carbon (W-DLC) coatings.
iii. Studying the tribolayer formation and iron oxide phase transformation in
thermal spray steel coated cylinder bores under the boundary lubrication condition.
iv. Investigating the effect of bore surface roughness on sliding friction under
different lubrication regimes and in comparison to conventional cast iron (CI) liners.
v. Studying the role of DLC coated piston rings on reducing sliding friction under
different lubrication regimes and against different bore/liner surfaces.
1

1.2 General methodology
The general methodology adopted in this research consists of the following
procedures:
i. Capturing main tribological problems on lightweight components based on the
inputs received from previous research findings and industrial partner (General Motors).
ii. Designing, building and calibrating new test equipment, including a high
temperature impact and wear tribometer and a long-stroke reciprocating tribometer.
iii. Characterizing and understanding the tribological behaviour of new engine
materials and coatings, encompassing oxide coatings, thermal spray steel coatings and
DLC coatings.
iv. Disseminating main research achievements through technical reports and
journal papers.
1.3 Organization of the dissertation
This dissertation consists of nine chapters. The following is a brief description of
the contents of each chapter.
Chapter 2 presented a literature review on valve-seat insert and cylinder borepiston ring tribosystems, including their working conditions, materials selections,
tribological behaviour and candidate coatings. At the end of this chapter, the main
knowledge gaps were summarized.
The requirements of the valve-seat insert tribosystem are different from the
cylinder bore-piston ring tribosystem, thus the tribological investigations of the materials
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and coatings studied in this dissertation were carried out under two main experimental
conditions, i.e. the high temperature wear and the lubricated sliding friction.
For the engine valve research, Chapter 3 studied the high temperature wear
behaviour of thermally oxidized Ti alloys under both sliding and impact conditions using
a self-built wear and impact tribometer. The high temperature wear mechanisms were
elucidated by considering the sliding-induced subsurface plastic deformation and the
impact crack propagation at temperatures at which engine valves operate. Chapter 4
studied the effect of oxide formation on high temperature friction and wear behaviour of
W-DLC coatings by introducing an oxygen rich atmosphere. The underlying mechanisms
were delineated in terms of the formation of a transfer layer incorporating γ-WO3.
Understanding the fundamental mechanisms that controlled high temperature friction and
wear helped to determine the suitable service conditions of these high temperature
coatings; and with this enriched knowledge base, tribological coatings for lightweight
engine valves and seat inserts were recommended for the next-step investigation typically
consisting of engine tests.
For the cylinder bore research, the sliding friction behaviour were studied under
the transitions of lubrication regimes by constructing Stribeck curves that considered the
dynamic changes of sliding speed and surface roughness during sliding tests. Chapter 5
determined the evolution of oxide containing tribolayers on rough-honed thermal spray
coated surfaces operating under an oxidational wear mechanism at both dry and
lubricated conditions. The relationships between tribolayer formation, oxidational wear,
surface roughness, and sliding friction on thermal spray coated surfaces under the
boundary and mixed lubrication conditions were established. The results also emphasized
3

the use of low roughness bore surfaces for friction reduction. Chapter 6 studied the
friction behaviour of smooth-honed thermal spray coated bores in comparison to the
conventional CI liners subjected to smooth-honing and rough-honing strategies. The
effect of surface roughness on friction reduction was elucidated in relation to the extent
of asperity contact under the boundary and mixed lubrication regimes. Chapter 7
investigated the effectiveness of DLC coated piston rings in friction reduction against
smooth-honed, rough-honed, and mirror-polished engine bore/liners under the full range
of lubrication regimes. The underlying mechanisms were delineated in terms of carbon
transfer layer formation. The systematic studies of lubricated friction properties of
cylinder bores with the considerations of bore materials, surface finish, and piston ring
coatings established a general understanding of the relationships between surface
roughness (asperity contact), sliding friction, wear and tribolayer formation; with this
understanding proper materials and processing methods can be screened for the cylinder
bore application.
Chapter 8 presented the general discussions on the main research results. At the
end of this chapter, suggestions were made for future research. Finally, Chapter 9
summarized the main conclusions of this dissertation.
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CHAPTER 2
Literature Survey
2.1 Friction and wear losses in internal combustion (IC) engines
Transportation, power generation, and manufacturing are among the critical
industrial activities that affect people’s daily lives, and these activities involve the use of
various types of mechanical systems that consist of numerous moving parts and hence
surfaces operating in sliding contact. Smooth, reliable and durable operations of these
mechanical systems rely on the control of friction and wear of the contact surfaces. The
scientific principles for understanding and the technological advances necessary for
controlling friction and wear of contact surfaces under dry or lubricated motion fall in the
realm of the field of “tribology”, a term coined in 1966 [1].
It has been estimated that ~23% (1.19×1020 J) of the global energy consumption
originates from tribological contacts [2]. To be more specific, 20% of the global energy
consumption is used to overcome friction, whereas another 3% is related to wear and
wear-related failures [2]. However, wear of engineering components is a critical design
criterion as it may result in catastrophic failures and operation breakdown. Thus the
engine components and other vehicle parts in sliding motion should be made of wearresistant and durable materials. Among a variety of industrial sectors, transportation has
the greatest potential in energy savings, as it occupies 35% of the total energy
consumption worldwide [3]. In addition, road vehicles account for 73% of the total
energy consumed in the transportation sector [4]. As such, the trend towards greater
energy conservation and reduced green-house gas emission requires that the fuel
consumption of vehicles continues to be optimized.
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In a medium size passenger car running in an urban setting, 15% of the available
fuel energy is dissipated as mechanical and frictional losses [5]. It was suggested that a
10% reduction of mechanical and frictional losses would result in a 1.5% decrease in fuel
consumption [6], which is significant when considering the high total number of vehicles
worldwide. According to the data from U.S. Department of Energy [7], reducing friction
and wear in engine components and related vehicle parts could save the U.S. economy as
much as $120 billion per year. Figures 2.1 (a)-(b) show the distribution of mechanical
losses and frictional losses in an internal combustion (IC) engine. The engine auxiliaries,
namely the pumps, fans, and other pneumatic systems, are usually powered directly by
the engine itself, thus occupy 20-30% of the total mechanical losses. However, this
portion of mechanical losses is normally dependent on the operating parameters rather
than the lubrication conditions. Therefore, the three major subsystems in an IC engine
contributing to mechanical and frictional losses are as follows: i) piston ring-cylinder
bore system, ii) crankshaft and bearing system, and iii) valvetrain system. By addressing
the tribological problems of critical components in these major subsystems, durable and
energy-efficient contact surfaces can be developed to reduce the fuel consumption of
modern vehicles.

Figure 2.1 Distribution of (a) mechanical losses and (b) frictional losses in a diesel
engine [8].
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In Sections 2.2 and 2.3, tribological problems encountered on engine valve-seat
insert and cylinder bore-piston ring will be introduced in detail.
2.2 Engine valves
2.2.1 Working conditions: temperature and contact mode
Engine valves, including both the intake and exhaust valves, are used to control
the gas exchange of combustion chambers in an IC engine. A commonly used type of
valve (poppet valve) is shown in Figure 2.2. It can be seen that the valve consists of a
disk-shape head with the valve stem extending from the center of the head. The edge of
the head is ground at an angle of 45° (sometimes 30°) to form the seating face, which
comes in contact with a similarly machined seat insert when the valve is closed.

Figure 2.2 A schematic diagram showing the configuration of a poppet valve. The valve
consisting of valve head, valve stem and valve tip with the spring retainer is in contact
with the valve guide and the seat insert at a seating face angle of 45° [9].
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The wear of valves especially on the seating face has been a challenge for engine
designers and manufacturers. This problem has been described as “one of the most
perplexing wear problems in IC engines [10]”, as it entails high temperature impact and
sliding contacts. Understanding the working conditions and the contact modes of a valveseat insert is the first step to solve this complex wear problem. Valves face with severe
working conditions such as high temperature, high pressure and corrosive media.
Although both intake and exhaust valves receive heat from combustion gases, the intake
valves are also cooled by incoming air. Thus in a gasoline engine the working
temperature for the intake valves is usually in the range of 200-450 °C, while for the
exhaust valves the temperature could reach 550-600 °C [9, 11]. Approximately 75-80%
of the heat received by the valves is conducted to the seat inserts, and accordingly, the
temperatures are typically around 200-300 °C for the intake valve seat inserts and 400500 °C for the exhaust valve seat inserts [9]. The pressure applied on the seating face (as
shown in Figure 2.2) of the valve head originates from the combustion gas pressure
exerted on the bottom surface of valve head, and typically ranges between 3.5 MPa and
18 MPa depending on the types of engines [12, 13].
The contact modes of valve-seat insert involve cyclic impacts consisting of shortdistance sliding movements (20 µm [14]). The impact forces result from the closure of
the valve, while the short-distance sliding is a consequence of the wedging action of the
valves towards the seat inserts under the effect of combustion gas pressure. It was found
that a decrease in valve closing frequency had negligible effect on the wear of valve and
seat insert even though the frequency reduced to low levels of 1.5 Hz [15]. Thus, the
short-distance sliding during valve-seat insert interactions could play a more prominent
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role than the impact in the excessive wear of valve and seat insert [16]. During the sliding
contact, protective tribolayers may form on the valve seating face as well as the seat
insert and consist of the mixture of combustion residues and oxidational products [17].
However, under the more strict emission regulations the use of cleaner fuels in the
absence of lead results in lesser extent of protective tribolayer formation [18], thus a high
temperature ‘dry’ running condition could be expected during the interactions between
valves and seat inserts.
The excessive wear that occurs on valve and seat insert may result in increased
valve temperature, gas leakage, and even valve recession. Valve recession is a
phenomenon that the wear of valve and seat insert contact surfaces causes the valve to
recede into the seat insert (as shown in Figure 2.3). Under this circumstance, the closing
position of the valve relative to the cylinder head changes, which leads to a significant
reduction in the engine performance due to the impaired gas sealing and the reduced
combustion pressure. It was estimated that a 4 mm recession would reduce the engine
power output by over 30% [19]. Therefore, the materials selected for engine valves
should be resistant to high temperature wear, and will be introduced in Section 2.2.2. The
high temperature wear behaviour of these materials will be further discussed in Section
2.2.3.
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Figure 2.3 Valve recession [9].
2.2.2 Conventional and new valve materials
Conventional engine valves are made of metallic alloys that are resistant to wear,
oxidation and corrosion at high temperature. The manufacture of metallic valves involves
a series of operations including hot extrusion, hot forging and grinding processes [20].
Due to the differences in working temperature, the materials used for intake valves are
different than those for exhaust valves. Traditionally, martensitic steels typically
containing 0.4-0.8 wt.% C are used in the intake valve applications, whereas austenitic
steels (0.4-0.5 wt.% C) with higher concentrations of Cr, Ni, Mn compared with
martensitic steels are used in the exhaust valve applications. In addition, Ni-based
superalloys are also used as exhaust valve materials [21]. Both austenitic steels and
superalloys achieve acceptable hot hardness and creep resistance as required in the
exhaust valve applications through solid solution and precipitation hardening. The
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chromium carbides in austenitic steels [22] and the γ’ Ni3Al phase in Ni-based
superalloys [23] are the basic types of precipitates. In general Ni-based superalloys
exhibit better high temperature resistance to wear, fatigue and corrosion than austenitic
steels, and the costs are also higher. Thus in practical applications thermally sprayed Nibased or Co-based alloy coatings deposited on the seating face of austenitic steel valves
become a viable way to impart better high temperature performances at relatively low
costs [24]. Figure 2.4 shows the typical interfacial microstructure of the Co-based alloy
coating deposited onto an austenitic steel substrate using a plasma transferred arc (PTA)
hardfacing technique. This technique employs transferred arc to melt the Co-based alloy
powder and also the local surface of the steel substrate, such that a solidified
metallurgical bond between the coating and the substrate is obtained with minimum
dilution (< 10%) [25]. The solidification structure of the deposited coating reveals the
influence of the solidification (cooling) rate during the PTA hardfacing process [26]. A
thin planar region at the interface is observed and followed by a dendritic structure,
which exhibits larger secondary dendritic arm spacing (SDAS) near the interface than
that observed near the surface.

Figure 2.4 Optical image of Co-based alloy coatings deposited onto valve steel substrates
using plasma transferred arc (PTA) hardfacing technique.
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Conventional valve materials, namely steels and Ni-, Co-based superalloys, have
densities ranging between 7.80 g/cm3 and 8.40 g/cm3. The innovations of new valve
materials in recent decades have focused on the use of lightweight metallic alloys and
ceramics, for the purposes of vehicle lightweighting and performance improvement.
Representative lightweight candidates in valve applications include Ti-based alloys (4.43
g/cm3), γ-TiAl intermetallics (3.91 g/cm3), and Si3N4 ceramics (3.20 g/cm3). γ-TiAl
intermetallic possesses excellent high temperature creep and fatigue properties equivalent
to IN-751 (Ni-based superalloy), a high performance exhaust valve material [27]. Cast
and sintered γ-TiAl intermetallic valves have all passed laboratory-scale rig tests and
engine tests [28]. Sintered Si3N4 ceramic valves have also passed dynamometer testing
and field trials [29]. However, the low ductility, the low machinability, and hence the
high manufacturing costs of these intermetallic and ceramic valves have impeded their
practical use [30, 31]. As such, the easily machinable Ti-based alloy valves fabricated by
either casting or powder metallurgy have become the lightweight alternatives for massproduced passenger cars. Valves made of Ti-6Al-4V as well as sintered Ti6Al4Sn4Zr1Nb1Mo0.2Si reinforced with 5 vol.% TiB have been successfully used on
Toyota Altezza in the year of 1999 and Nissan infinity Q45 in the year of 2002 [32, 33].
The application of lightweight valves could realize a weight reduction of 40-50%
compared with conventional valves made of steels and superalloys, which corresponds to
a mass reduction of 0.5 kg on a 2.0 L 4-cylinder gasoline engine [34]. Other benefits such
as secondary weight reduction (by 15-20%) on valve springs, an increase of 500
revolutions per minute (RPM) in maximum engine speed, as well as an improved fuel
economy with low vibration and low noise are also noticeable [33].
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High alloy cast iron (CI), as well as Ni-based and Co-based superalloys has been
used to manufacture seat inserts that are in contact with valve seating face [35]. Another
type of seat insert material is the sintered carbon steel typically containing medium to
high contents of carbon (0.5-3.0 wt.%) with the addition of Co, Cr, V and W for the
purpose of favoring the formation of carbides [36].
2.2.3 Wear behaviour of valve materials
2.2.3.1 Wear of conventional valve materials
Van Diesel et al. [13] studied the wear mechanisms of engine valves by
examining the worn surfaces of valves after the engine tests operating in the peak
cylinder pressure range of 3.5-18.0 MPa and the temperature range of 310-700 °C. The
valves tested were made of different grades of steels, Ni-based, and Co-based
superalloys. The results showed that local plastic deformation led to the formation of
ridges and valleys on the seating face, and pitting and shearing of ridge peaks may occur
during valve operations. Zhao et al. [37] compared the high temperature wear resistance
of different grades of steels, Ni-based and Co-based superalloys in contact with a seat
insert made of martensitic steel using a valve-seat insert simulator at a test temperature of
538 °C. A schematic diagram showing the configuration of the valve-seat insert simulator
is shown in Figure 2.5. During the test, the valve moved up and down inside a heat
chamber and repeatedly struck the seat insert using a hydraulic actuator and a return
spring. The results showed that the lowest wear rate was achieved on the valves made of
Ni-based superalloy, while the wear rates of the Co-based alloy valves and steel valves
were similar. Forsberg et al. [18] examined the subsurface microstructure of Co-based
alloy coated exhaust valves after field tests. The coating was deposited by PTA
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hardfacing using Stellite F alloy powders. After field tests of 440,000 km using a
consumer truck, the contact area of exhaust valve seating face was covered by a
continuous oxide layer with a thickness of ~1.5 µm as shown in Figure 2.6. Underneath
the oxide layer, the Co-based alloy coating exhibited plastic strains towards the outer
diameter of the valve.

Figure 2.5 The valve-seat insert simulator [37].
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Figure 2.6 Cross-sectional backscattered electron (BSE) image showing the subsurface
microstructure of the exhaust valve coating (Stellite F) after field tests of 440,000 km
[18].
Birol [38] studied the high temperature wear resistance of a Ni-based superalloy
(IN-617) and a Co-based superalloy (Stellite 6) in comparison with a tool steel
(X32CrMoV33) by performing laboratory-scale tests using a ball-on-disk tribometer at a
temperature of 750 °C. The counterface used was alumina ball. Figures 2.7 (a)-(b) show
the variations of coefficient of friction (COF) and the volumetric wear losses of the three
types of disk samples tested. Stable COF values with low fluctuations were observed on
both the Ni-based and the Co-based superalloys, and the lowest COF value (~0.20) was
recorded on the Ni-based superalloy. In addition, the lowest volumetric wear was
achieved on the Co-based superalloy. As shown in Figure 2.8, both these superalloy
surfaces showed the formation of oxide ‘glaze’ layers, which could be responsible for the
improved tribological performances at elevated temperature.
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Figure 2.7 (a) Variations of coefficient of friction (COF) with sliding time and (b)
volumetric wear losses of tool steel (X32CrMoV33), Ni-based superalloy (IN-617) and
Co-based superalloy (Stellite 6) sliding against alumina at 750 °C [38].

Figure 2.8 Scanning electron microscope (SEM) images of the worn surfaces of (a) tool
steel (X32CrMoV33), (b) Ni-based superalloy (IN-617) and (c) Co-based superalloy
(Stellite 6) disks subjected to ball-on-disk sliding wear tests at 750 °C [38].
The microstructural characteristics of the ‘glaze’ oxide layers that formed on Nibased superalloy (Nimonic 80A) were studied by Rynio et al. [14] using a pin-on-disk
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reciprocating tribometer. Tests were conducted at 600 °C and 800 °C using CI as the
counterface material. The cross-sectional microstructures of the near top surface of the
Ni-based superalloy after reciprocating sliding at both temperatures tested are shown in
Figure 2.9. Four subsurface layers with distinct microstructures were identified, and the
chemical compositions of each layer were analyzed using energy-dispersive X-ray
spectroscopy (EDS). The top ‘glaze’ layer with a thickness of 1.5 µm at 600 °C and 2.5
µm at 800 °C mainly consisted of NiO. Underneath the top layer, there was a thin (~15
nm) but continuous layer which consisted of Cr2O3. These oxide layers were generated on
an interlayer with ultra-fine Ni grains, and a base layer showing plastic deformation. The
‘glaze’ layer had a high nanohardness value of 17.6±1.0 GPa compared with a value of
6.2±1.0 GPa for the Ni-based alloy substrate, thus it helped to limit wear during high
temperature sliding.

Figure 2.9 Transmission electron microscope (TEM) images showing the cross-sectional
microstructures of Ni-based superalloy (Nimonic 80A) after high temperature sliding
wear tests at (a) 600 °C and (b) 800 °C. Layer #1 is the NiO ‘glaze’ layer; Layer 2# is the
Cr2O3 thin layer; Layer #3 is the ultra-fine grain layer; Layer #4 is the plastically
deformed layer [14].
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The formation of ‘glaze’ layers has been observed on various types of superalloys
through agglomeration and sintering of oxides during high temperature sliding [39, 40].
Low sliding speed that better retained oxide debris within the wear track, and high
temperature that favored the sintering of oxide particles were found to be beneficial in
generating the ‘glaze’ layer [41, 42]. Realizing the advantages of the formation of
protective oxide layers, pre-oxidation treatment was utilized on a Co-based superalloy for
the purpose of high temperature wear protection [40].
2.2.3.2 Wear of lightweight valve materials
Oxide layer formation was also found to be crucial during the high temperature
wear of lightweight valve materials. The sliding wear behaviour of an intermetallic, γbased TiAl were studied by Mengis et al [43] by performing pin-on-disk type sliding tests
in a temperature range of 25-800 °C. The counterface used was a Ni-based superalloy
(Nimonic 86). The results showed that the highest wear loss (1.27±0.05 mm3) occurred at
400 °C where partially oxidized particles acted as third body abrasives to disrupt the
formation of dense oxide layers. However, at 800 °C the wear loss (0.36±0.09 mm3) was
the lowest due to the formation of ‘glaze’ oxide layers with high concentrations of Ti, Al,
Ni and O.
Ti-based alloys as a prevalent type of lightweight materials used in engine valve
applications have been reported to possess a low wear resistance [44-46], which may
arise from either oxidation wear at low sliding speeds (0.3-0.5 m/s) or plastic shear
induced “metallic wear” at high sliding speeds (0.6-0.8 m/s) [46]. Thus, the engine valves
made of Ti-based alloys were protected by surface coatings such as TiN or CrN coatings
deposited by physical vapour deposition (PVD) method for the improvement of their
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wear resistance [47]. An alternative surface engineering method that is suitable for massproduced Ti-based engine valves at relatively low costs is thermal oxidation (TO) [48].
Oxygen is an alloying addition in Ti-based alloys as it stabilizes the hexagonal close
packed (α) phase and provides solid solution strengthening [49]. The exposure of pure Ti
or Ti-based alloys to oxygen containing atmospheres leads to the formation of TiO2, and
the oxidation rate in the temperature range of 600-1000 °C follows a parabolic law [50].
The direction of oxide growth could be judged from the Pilling-Bedworth ratio (PBR)
which represents the ratio of the volume of the oxide formed to the metal consumed. For
the TiO2/Ti system, the PBR is 1.73, which means the oxide layers would grow inwardly
[51]. The oxide growth and the inward diffusion of oxygen at temperatures above 480 °C
give rise to the simultaneous formation of an oxide (TiO2) scale and an oxygen rich layer
(which is commonly known as the “alpha-case” or the “oxygen diffusion zone”) beneath
the scale [52]. The presence of oxygen diffusion zone has been reported to be detrimental
for the ductility of Ti-based alloys [53, 54]. However, after realizing the positive roles
played by oxygen and oxides on the high temperature friction and wear properties, TO
treatments (after the optimization of oxidation conditions) have been applied on Ti-based
alloys for the purpose of increasing their wear (and corrosion) resistance [55-57]. The
formation of a TiO2 layer and an oxygen diffusion zone on top of Ti-based alloy
substrates could reduce the wear rate when subjected to sliding contact under ambient air
[58, 59], vacuum [60], lubrication [57] and corrosive medium [61]. However, the high
temperature wear behaviour of thermally oxidized Ti-based alloys remain to be studied.
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2.2.3.3 Fracture behaviour of valve coatings under impact
The coatings applied on the valve seating face should be resistant to fracture and
exfoliation when subjected to an impact condition especially at elevated temperatures.
Figure 2.10 shows the fracture and sink-in of TiAlN and CrN coatings (deposited by
PVD method) onto Co-based alloy substrates. These tests were conducted at 750 °C
using a valve-seat insert simulator and images were taken after 100,000 test cycles [62].

Figure 2.10 Cross-sectional SEM images of (a) TiAlN and (b) CrN coated Co-based
alloy (Stellite F) valves after 100,000 test cycles at 750 °C [62].
In laboratory-scale tests, the fracture behaviour of coating-substrate system could
be evaluated by performing ball-on-disk impact tests, which were originally conceived by
Knotek et al [63]. Cassar et al. [64] studied the impact wear resistance of TiN coated Tibased alloy (Ti-6Al-4V) using a ball-on-plate impact tester (as shown in Figure 2.11) at
an impact load of 400 N and an impact frequency of 8 Hz. The circumferential ring
cracks, which initially appeared only around the crater edge, were observed to multiply
towards the imprint center and, between 10,000 and 20,000 impacts, these cracks were
interconnected radially to form a network covering the entire crater surface.
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Figure 2.11 Schematic diagram of the impact test machine: 1. Al frame with slots; 2.
pneumatic cylinder with proximity switches; 3. pneumatic components - service unit,
pressure regulation valve, solenoid valve; 4. slider vice for piston; 5. force transducer; 6.
additional weights; 7. test ball; 8. impact counter [65].
Li et al. [66] studied the fracture behaviour of plasma surface modified Ti-6Al-4V
alloy with Mo layers using a ball-on-disk impact tester at an impact frequency of 59.2
Hz, which is comparable to the valve closing frequency (25 Hz at an engine speed of
3000 RPM [67]) encountered in actual engines. The critical loads at which the ring cracks
and the radial cracks started to emerge were investigated. The results showed that at an
impact load of 100 N and after a total of 10,000 impact cycles, no cracks were detected
on the sample surface. With increasing the impact load, ring cracks emerged at 200 N
whereas radial cracks occurred at 500 N. The evolution from ring cracks to radial cracks
or even lateral cracks was also related to impact velocity as suggested in Ref [68]. The
penetration of ring cracks on ceramics has been studied [69-72], and Figure 2.12 shows
the transition from fracture-dominated to quasi-plasticity-dominated damage pattern
when the microstructures changed from “fine” (F-Si3N4) to “medium” (M-Si3N4), then to
“coarse” (C-Si3N4). The toughness of the samples tested followed the sequence: F-Si3N4
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(3.9 MPa·m1/2) < M-Si3N4 (5.3 MPa·m1/2) < C-Si3N4 (7.0 MPa·m1/2), thus with increasing
the materials’ toughness, the penetration depth of ring cracks reduced.

Figure 2.12 Half-surface and side views of Hertzian contact damage on (a) F-Si3N4, (b)
M-Si3N4, (c) C-Si3N4 at a load of 4000 N using a WC sphere with a radius of 1.98 mm
[69].
Based on the above literature survey, ball-on-disk type impact tests were selected
in this work to study the fracture behaviour of surface coatings at valve working
temperatures, and the coatings’ ductility was evaluated by examining the penetration
depth of ring cracks generated at different temperatures.
2.2.4 Carbon-based coatings for high temperature applications
Diamond-like carbon (DLC) coatings that combine high hardness, low friction
and wear coefficients, good optical and electrical properties as well as high resistance to
corrosion have attracted overwhelming interests from both the industry and the research
community in recent years [73]. In particular, DLC coated engine components could
achieve low friction and low wear under demanding working conditions [74, 75], thus
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emerge as promising candidate coatings especially for lightweight IC engines. DLC
coatings could be either deposited onto lightweight materials to substantially increase
their wear resistance [75], or used as counterfaces to significantly alleviate adhesion [76].
For engine valve applications that involve high temperature, the functionality of DLC
coatings relies on its structure and dopants, which will be discussed in the following
paragraphs.
The carbon materials and their physical properties strongly depend on the ratio of
sp2 (graphite-like) to sp3 (diamond-like) bonds. In general, an amorphous carbon could
have a mixture of sp3, sp2, and even sp1 sites with different ratios and may incorporate up
to 60 at.% hydrogen. The compositions of amorphous carbons are shown in Figure 2.13
in the form of a ternary phase diagram. DLC coatings were defined as amorphous
carbons with a considerable fraction (20-85%) of sp3 bonds. The non-hydrogenated
amorphous carbon (with <2 at.% H), designated as a-C or NH-DLC, and the
hydrogenated amorphous carbon, designated as a-C:H or H-DLC, have smaller contents
of sp3 bonds; whereas the DLC with higher sp3 contents is termed tetrahedral amorphous
carbon (ta-C) and its hydrogenated analog is designated as ta-C:H.
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Figure 2.13 Schematic diagram showing different types of amorphous carbons. The three
corners correspond to diamond, graphite, and hydrocarbons, respectively [77].
DLC coatings especially the grades with sp2 rich structures are not thermally
stable and their tribological properties rapidly deteriorate at elevated temperatures [78,
79]. The low COF values of H-DLC (typically 25-40 at.% H) were maintained up to a
temperature of 200 °C. For NH-DLC with <2 at.% H, low COF values only occur at
temperatures below 100 °C [80, 81]. Previous research has shown that the incorporation
of Cr, Si, Ti, F and W into DLC coatings could provide low friction and low wear rate
under high temperature sliding conditions [82-86], and these doped coatings might be
suitable for engine valve applications.
The microstructural characteristics and the high temperature tribological
behaviour of W-DLC coatings against a Ti-based alloy (Ti-6Al-4V) were studied by
Banerji et al. [87]. Figure 2.14 shows the high-resolution (HR) TEM image with fast
Fourier transform (FFT) derived diffraction patterns of the W-DLC coatings.
Nanocrystalline WC particles with an average size of 15.0±5.2 nm were observed to
disperse in an amorphous carbon matrix. W-DLC coating exhibited low and stable COF
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values of 0.11-0.12 at 25 °C. At 100 °C, W-DLC had a COF value of 0.06, which
increased to 0.46 at 200 °C and to 0.54 at 300 °C due to the Ti adhesion to the W-DLC
surface. However, at 400 °C W-DLC’s COF decreased to 0.07 and a low COF value of
0.08 persisted at temperatures as high as 500 °C. Raman spectroscopy indicated that at
500 °C the transfer layer consisted of mainly WO3 that was initially formed on W-DLC’s
surface. Tribological behaviour of W-DLC coating were also studied against an A319 Al
counterface as a function of testing temperature up to 500 °C using a pin-on-disk
tribometer [88]. W-DLC coating showed a low COF value of 0.20 at 25 °C, whereas
between 100 and 300 °C, a high COF value of 0.60 was recorded because of the Al
transfer to the coating surface. At 400 °C the COF decreased to 0.18, and the reduction in
the COF continued with increasing the temperature to 500 °C (0.12).

Figure 2.14 High-resolution (HR) TEM image (left) and fast Fourier transform (FFT)
derived diffraction patterns (right) of W-DLC coatings [87].
The friction properties of hydrogenated DLC coating incorporating Si (O and F)
(a-C:H:Si:O:F) were studied by Sen et al. [89]. A low COF value of 0.08 was recorded in
an air atmosphere. The transfer layers that formed on the Al counterface consisted of
AlF3 compound and SiO2 nano-particulates. The low sliding friction achieved on the aC:H:Si:O:F coating was due to the combination of passivation and hydration mechanisms
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that operated during sliding. The hydration of the Si-O-Si chains in the coating and
transfer layers resulted in the formation of two OH-passivated surfaces at the contact
interface that led to low COF. The high temperature friction behaviour of multilayered
DLC coatings consisting of a top layer of H-DLC and an inner layer rich in Si and O (aC:H/a-Si:O) against an A319 Al alloy were studied by Bhowmick et al. [83]. Low COF
values of a-C:H/a-Si:O coating were recorded as 0.17 at 25 °C and maintained up to 400
°C (0.11). The H and OH passivation of the C and Si in the transfer layers as well as the
coating surfaces could be responsible for the low COF values recorded. Low wear rates
were also observed in the same temperature range due to the incorporation of Si that
hindered temperature induced bulk graphitization.
Tribological behaviour of tetrahedral amorphous carbon (ta-C) and fluorinated taC coatings were studied in the temperature range of 25-500 °C [85]. Low COF values
were observed in the temperature range of 100-400 °C on both coatings tested. A COF
value of 0.11 for ta-C and a COF value of 0.13 for ta-C:F were recorded at 400 °C. It was
also noted that compared with ta-C, the ta-C:F coating exhibited lower running-in COF
and shorter running-in period, which was due to the passivated transfer layers by F atoms
in the temperature range of 100-400 °C.
To summarize the literature survey conducted in Section 2.2.4, a friction-wear
map that shows the COF values and the wear rates of different types of DLC coatings
with the corresponding friction reduction mechanisms in the temperature range of 25-500
°C was constructed and is shown in Figure 2.15. It can be seen in Figure 2.15 (a) that the
ta-C coating exhibited low COF values (<0.30) and low wear rates (<1×10-6 mm3/Nm) in
the temperature range of 25-400 °C. The pristine ta-C coating consisted of 80% sp3
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bonded C atoms, and preserved its C network structure at temperatures up to 400 °C
(Figure 2.15b). During the sliding process local graphitization of contact surface of ta-C
occurred and would result in low friction at 25-400 °C. The ta-C:F coating revealed lower
COF values and wear rates compared with ta-C coating at 200-400 °C, and the
improvements in tribological properties were attributed to the F incorporation to the
transfer layer on the counterface (Figure 2.15c). The sp2 rich DLC coating, H-DLC,
maintained low COF values (<0.15) and low wear rates (<5×10-5 mm3/Nm) up to 200 °C,
which was attributed to the -H/-OH passivation on the coating surface and the transfer
layer (Figure 2.15d). At temperatures above 200 °C, the H-desorption and the bulk
graphitization of H-DLC coating led to high COF values accompanied by adhesion of Al
to the coating surface and high wear rates. The W-DLC coating, on the other hand,
showed low COF values (<0.20) and low wear rates (<6×10-5 mm3/Nm) in a specific
temperature range of 400-500 °C. The formation of WO3 on both the coating surface and
the transfer layer could be responsible for the improved tribological properties (Figure
2.15e).
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Figure 2.15 (a) Summary of wear rates and COF values of different types of sp 3 rich and
sp2 rich DLC coatings at different temperatures and the friction reduction mechanisms of
(b) ta-C (sliding induced sp2 transformation) [85], (c) ta-C:F (increased repulsive force
between F-terminated surfaces) [90], (d) H-DLC (-H/-OH passivation) [83], and (e) WDLC (WO3 formation) [87].
In summary, the high temperature wear protection of engine valves is of great
importance in IC engines as severely worn valve surface would impair the engine power
output. In particular, suitable surface engineering method is crucial for the development
of lightweight valve materials especially the Ti alloy which is suitable for massproduction but not wear resistant. With the understanding of the benefits of oxide ‘glaze’
layer formation during high temperature sliding, this dissertation will investigate the
possibility of high temperature wear protection of Ti alloy valves using pre-oxidation
treatment. The DLC coatings as adhesion mitigating counterfaces for lightweight alloys
will be studied and aimed at the application of seat inserts.
2.3 Cylinder bores
Engine valves are critical engine components as they control the gas exchange of
an IC engine. The wear protection of valve seating face, as stated before, is crucial and
challenging since the valves operate under high temperature and high contact pressure
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and are subjected to cyclic impacts consisting of short-distance sliding. Besides the
valves, another important tribosystem, the cylinder bore in contact with piston ring,
draws a lot of attention in the field of engine tribology. This tribosystem converts
combustion energy into kinetic energy and is the major contributor to engine friction
losses. As such, friction reduction of the cylinder bore-piston ring tribosystem concerns
engine efficiency, and will be among the main topics of this dissertation. A start point of
this part of study will be the understanding of the working conditions of this tribosystem.
2.3.1 Working conditions: load, speed and lubrication regimes
The engine cylinder bore/liner is placed in sliding contact with the piston ring
package, which usually consists of three rings, namely the top compression ring (TCR),
the second compression ring and the oil control ring as shown in Figure 2.16 [91]. The
primary function of the piston ring package is to maintain an effective gas seal of the
combustion chamber, and this function is achieved by closely conforming the piston rings
to the grooves of the piston head and to the inner walls of the engine cylinder. The
secondary function of the piston rings is to transfer heat from the piston to the cylinder
wall, and then to the coolant. The third function of the piston rings is to restrict the
amount of oil that is delivered to the combustion chamber, as excessive engine oil
consumption would shorten the vehicle service intervals and increase the harmful exhaust
emissions [6]. During engine operations, the piston rings are in reciprocating sliding
contact with the cylinder bore/liner surface, travelling back and forth within a distance
(stroke length) ranging from 76 mm to over 100 mm depending on the sizes of engines
[92]. The top reversal position of the cylinder bore is designated as the top dead center
(TDC), while the bottom reversal position is designated as the bottom dead center (BDC).
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Figure 2.16 Schematic diagram showing the piston rings in contact with the cylinder
liner [91].
The TCR is considered to be the most complicated tribological component in an
IC engine as it is subjected to large, rapid variations of load, speed, temperature and
lubricant availability [93]. Figure 2.17 shows the variations of piston velocity and
combustion chamber pressure along with the changes of crank angle during the
operations of a 4-cylinder diesel engine at an engine speed of 1600 RPM [91]. It can be
seen that under the current operation conditions, the peak gas pressure in a diesel engine
is around 180 bar (18 MPa) which occurs near the TDC of the cylinder bore on a firing
stroke cycle. As for a gasoline engine, the peak pressure is lower, which is around 100
bar (10 MPa). The combustion gas pressure directly applies onto the TCR as indicated in
Figure 2.16. Thus the TCR is subjected to the highest load among the ring package
during the engine operations. The sliding speed, on the other hand, changes from zero at
the reversal positions (TDC and BDC) to a maximum of about 9 m/s near the mid-stroke
position. It is conceivable that further increase of engine speed would result in a higher
maximum sliding speed of TCR. The rings are also exposed to varied working
temperatures, and the TCR experiences a maximum working temperature of about 120 °C
in a gasoline engine [93]. In addition to operating under high pressure/load and high
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temperature under normal running conditions, the TCR may suffer from lubricant
starvation during the cold start period of an engine [94].
Here it is pertinent to mention that due to the complexity of engine operation
conditions, laboratory-scale bench tests capturing the loading condition at specific region
of the cylinder bore are often conducted as the first step of investigation prior to the
engine tests [95-97]. For example, reciprocating sliding tests performed at high contact
pressure (10 MPa) and low sliding speed (0.18 m/s) using a SRV tribometer were used to
simulate the working condition of the fired top dead center (FTDC) as indicated by the
pattern area in Figure 2.17. In this dissertation, similar methodology will be adopted, as
the tribological investigations will target at specific bore locations and the corresponding
lubrication regimes rather than duplicate the running conditions of actual engines. The
demarcation of lubrication regimes will be introduced in the following paragraph.

Figure 2.17 Combustion chamber pressure and piston velocity versus piston angle of the
piston assembly from simulation of an actual Mercedes 4-cylinder passenger car diesel
engine (147 kW) at 1600 RPM and full load [91].
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Due to the changes of load, speed, temperature, and lubricant’s viscosity, the
lubrication condition (regime) changes during the interactions between piston ring and
cylinder bore/liner. Stribeck curves that show the changes of COF values for each
lubrication regime can be used to examine the roles of materials and their surface finish
under lubricated sliding conditions [98-100]. The Stribeck curve shows the frictional
characteristics of surfaces sliding in the presence of lubricants with different properties
for conditions usually spanning the boundary lubrication, the mixed lubrication, the
hydrodynamic lubrication (for fully conformal contacts), or elastohydrodynamic
lubrication (EHL, for non-conforming contacts [101]) regimes [102]. In the
hydrodynamic lubrication regime, the oil film is generally thick enough to prevent the
opposing surfaces from direct contact [103]. Under this regime, the sliding friction is
governed by the bulk physical properties of the lubricant, especially the lubricant’s
viscosity and the frictional characteristics arising from the shear of oil molecules. This
condition is often referred to as “the ideal form of lubrication” as it generally provides
low friction and high resistance to wear [104]. While under very high contact loads, or at
very low sliding speeds, hydrodynamic film could not be maintained between the sliding
surfaces and direct contact would occur between the asperities [105]. This condition is
referred to as the boundary lubrication regime characterized by high sliding friction and
high wear rates. Between the regimes of hydrodynamic lubrication and boundary
lubrication, there is a territory known as mixed or partial lubrication where the applied
load is shared between full-film regions and asperity contact regions [106, 107]. Figure
2.18 shows the shape of a typical Stribeck curve and indicates the lubrication regimes
under which the critical machine components operate [108]. The lubrication regimes
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could be demarcated by the ratio (λ) of oil film thickness to surface roughness. Normally
λ<1 indicates a boundary lubrication condition, 1<λ<3 stands for a mixed lubrication
condition, and λ>3 represents a full-film EHL/hydrodynamic lubrication condition. It can
be seen that the piston rings generally operate under the full range of lubrication regimes
from the boundary lubrication to the hydrodynamic lubrication regime.

Figure 2.18 Stribeck curve plotting COF as a function of the ratio of oil film thickness to
surface roughness [108].
The oil film thickness can be measured experimentally using optical
interferometry [109], electrical conductivity [110], ultrasound [111] and laser
fluorescence [112] techniques. In addition to the experimental methods, several sets of
equations, which are proposed based on numerical methods and adjusted according to
experimental data, could be used to calculate the oil film thickness [105, 113, 114].
Dowson-Higginson’s equations for predicting line contact EHL minimum film thickness
(hmin) [113] and Hutchings’ equations for predicting point contact EHL hmin [105] are
given in Equation (2.1) and Equation (2.2) for a comparison.
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where r’ is effective radius, α is viscosity pressure coefficient, η0 is viscosity under
ambient condition, V’ is mean surface speed in direction of motion, E’ is effective elastic
modulus, P is applied load, and the subscripts a and b refer to solid a and solid b that are
in sliding contact.
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where r is counterface radius, α is viscosity pressure coefficient, η0 is viscosity under
ambient condition, V is sliding speed, E* is composite elastic modulus, P is applied load,
and the subscripts a and b refer to solid a and solid b that are in sliding contact.
In general, the oil film thickness predicted using point contact EHL model
(Equation 2.2) is slightly lower at high sliding speeds compared with that calculated
using line contact EHL model (Equation 2.1). The cylinder bore-piston ring contact could
be approximated as a line-contact if the sliding contact surfaces are sufficiently smooth
[115]. However, this work investigated the frictional characteristics of cylinder bores
with a wide range of surface roughness, thus Equation (2.2) was selected for the
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prediction of oil film thickness. In addition, both equations reveal that the oil film
thickness is dependent on load, speed, oil viscosity, geometry and physical properties of
sliding contact surfaces. Thus, the higher the sliding speed, the higher λ ratio. In practice,
Stribeck curves can be constructed using COF values plotted as a function of λ ratio,
Hersey’s number (speed×viscosity/load), or directly the sliding speed [100, 116, 117].
Here, it is also pertinent to mention that for the cylinder bore-piston ring
tribosystem, construction of Stribeck curves could be accomplished by performing
laboratory-scale friction tests that provide unidirectional motion such as using a pin-ondisk tribometer [118] or a rotational tribometer [119], or with bidirectional motion such
as using a reciprocating tribometer [120]. Compared with a pin-on-disk tribometer or a
rotational tribometer, the maximum sliding speed allowed on a reciprocating tribometer is
normally limited for the purpose of reducing vibration. However, reciprocating sliding
tests are still valuable in the studies of cylinder bores as they provide the same mode of
motion as that encountered in actual engines. For those tests with unidirectional motion,
the sliding speed is maintained constant throughout the test duration; whereas for the tests
with bidirectional motion, the instantaneous sliding speed can be varied within the
reciprocating stroke. Therefore, in previous research the mid-stroke (maximum) speed
[121], as well as the speed averaged from the entire reciprocating stroke [122] during
reciprocating sliding has been used for the establishment of Stribeck curves.
2.3.2 Engine cylinder bore/liner materials and surface finish
Cylinder blocks have traditionally been made of grey cast iron (CI), but the need
for increased fuel economy has driven automotive industry to seek lightweight
alternatives. Cast Al-Si alloy blocks are among the viable alternatives. However,
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hypoeutectic Al-Si alloys do not have sufficient wear resistance when they interface with
piston rings. The wear generated during piston ring-cylinder bore/liner contact should not
exceed a few nanometers per hour [123, 124]. These very small wear rates can be
achieved in lightweight engine blocks made of hypereutectic Al-Si alloys typically
containing 16-18% Si [125, 126]. Engine blocks made using die cast hypereutectic Al-Si
alloys are being used in high end vehicles but the manufacturing costs are high [35] and
due to the presence of large primary silicon particles in their microstructure the linerless
engines do not provide an advantage for friction reduction. To reduce manufacturing
costs, wear-resistant cylinder liners made of hypereutectic Al-Si alloys, such as
SILITEC® and ALBOND®, have been developed for hypoeutectic Al-Si engine blocks,
and these types of liners are normally cast-in and suitable for the engine blocks produced
using high pressure die casting process [127]. Near-eutectic Al-Si alloys (11-13% Si) also
provide low wear but the underlying tribological principles are different from those of
hypereutectic Al-Si alloys [128-130]. The low wear performance derives from the
formation of stabilized surfaces consisting of an oil residue layer (ORL), Si particle
exposure and a zone of ultra-fine Al grains generated under the ORL. However, although
the eutectic Al-Si engine blocks have become an off the shelf technology they are
currently not used in the large scale production of commercial vehicles. The currently
used lightweight engine block materials consist of sand cast hypoeutectic Al-Si alloys
with 6-10 % Si which can be easily machined [131] but require the use of CI liners [6].
Carbon steel coatings deposited using thermal spray techniques onto the inner
walls of hypoeutectic Al-Si engine blocks are an emerging tribological method to replace
the role of CI liners [132]. These carbon steel thermal spray bore coatings are deposited
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using different systems including plasma transferred wire arc (PTWA) [133], high
velocity oxygen fuel (HVOF) [134], rotating single wire (RSW) [135] and atmospheric
plasma spraying (APS) [136]. Figure 2.19 shows the typical configuration of a PTWA
system with a schematic diagram of the PTWA process [108]. The plasma generator
(torch head) comprises a tungsten cathode, a pilot nozzle, and a consumable wire acting
as the anode. The torch head is mounted to a spindle, which could rotate inside the
cylinder. During a PTWA process, a high voltage discharge is initially used to ionize and
dissociate the gas mixture between the cathode and the nozzle. Then the plasma
generated is forced to exit the nozzle at a supersonic speed and transferred to the
consumable wire anode, such that an electrical circuit is completed. A constant current
power supply is needed to maintain the plasma transferred continuously from the cathode
to the wire, and as a result the tip of the wire melts at a high temperature of 2100 °C. The
high-pressure plasma together with the atomizing gas further splits the molten particles
from the wire, and in this way a jet of atomized particles is created and accelerated
towards the substrate at a high speed typically in the range of 100-130 m/s, which enables
the PTWA system to produce dense coatings with a porosity of <2% [133].
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Figure 2.19 (a) Photograph of the PTWA system and (b) a schematic of the PTWA
process [133].
Prior to the initiation of the thermal spray process, a surface roughening process
of Al-Si substrates is necessary for the purpose of improving the bonding strength
between the substrates and the thermal spray coatings. Typical surface roughening
processes include either a high-pressure (300 MPa) water jet blasting process, or a
mechanical roughening process (MRP) during which specific surface patterns are
developed using machining tools to provide mechanical bonding. Figure 2.20 (a) shows
the interfacial bonding between the thermal spray coatings and the water jet blasted
substrates, and Figure 2.20 (b) shows the dovetail shape interlocking features between the
thermal spray coatings and the MRP pre-treated substrates.
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Figure 2.20 PTWA thermal spray coatings deposited onto (a) water jet blasted substrates
and (b) mechanical roughening process (MRP) pre-treated cast Al alloy substrates [133].
Thermal spray low carbon steel coatings produced using PTWA (or HVOF)
method exhibit a lamellar structure consisting of Fe splats surrounded by thin oxide
(FeO) layers [137]. Figure 2.21 (a) shows the typical microstructure of PTWA thermal
spray low carbon steel coatings after polishing, while Figure 2.21 (b) shows the grains
that were subjected to high plastic strains in the immediate subsurface region adjacent to
the honed surface of the thermal spray coatings [138]. Surface texture features and
honing processes of thermal spray coatings will be introduced in the following paragraph.

Figure 2.21 (a) Backscattered electron (BSE) image of the microstructure of PTWA
thermal spray low carbon steel (AISI 1010) coating polished and etched using a 2% Nital
solution; (b) Cross-sectional dark-field TEM image showing the microstructure of the
near top surface of PTWA thermal spray low carbon steel (AISI 1010) coating [138].
39

Honing is a final finishing operation conducted on the inner surface of a cylinder.
This operation is implemented to obtain precise bore geometry and surface finish. The
surface finish created by honing process is controlled by the size and dispersion of
abrasive particles. A “plateau honing” technique has been developed, which consists of
three stages. The first stage is a rough honing process performed on cylinder bores using
a coarser honing stone in order to improve the surface finish and shape of the bores. The
second stage is the finish honing process, which is performed using a medium size
abrasive grit to make the surface texture closer to the requirements of the final products.
Finally, plateau honing is carried out with a very fine abrasive grit to remove the
roughness peaks to generate a fine surface texture. The resulting surface is expected to be
capable of providing “good lubricant retention” because of the deep valleys and proper
load-bearing capacity. Figure 2.22 shows a schematic diagram of the honing process, the
cross-hatched honing patterns generated as well as the representative 2D profiles
generated by the “plateau honing” technique [139]. In recent years, a new surface finish
technique named as “mirror finishing”, which provides further reductions of friction and
wear, is developed on the thermal spray steel coated surfaces. Figure 2.23 shows an
example of the “mirror finishing” applied onto an atmospheric plasma spraying (APS)
coated cylinder bore surface [140].
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Figure 2.22 Honing of cylinder liners: (a) schematic of honing process, (b) a typical
surface texture image and (c) a typical roughness profile generated after plateau honing
process [139].

Figure 2.23 The mirror-finished surface of a 200 mm diameter cylinder bore with
atmospheric plasma spraying (APS) coating [140].
2.3.3 Friction behaviour of cylinder bore/liners
Depending on the engine type and operating conditions, up to 50% of the friction
losses in IC engines are due to the cylinder bore-piston ring assembly. Thus for the
purpose of improving engine efficiency, this dissertation is more focused on the frictional
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characteristics of cylinder bores than their wear protection. Accordingly, the literature
survey conducted in Section 2.3.3 concentrates on cylinder bore/liners’ lubricated friction
behaviour, which depend on several critical factors such as the bore/liner materials and
their surface finish (honing patterns), the lubricants (engine oils with additives) used, as
well as the counterface piston ring coatings. In Section 2.3.3, the role of bore/liner
materials (Section 2.3.3.1) is examined. Then the roles of surface finish (Section 2.3.3.2)
and lubricant additives (Section 2.3.3.3) on sliding friction will be introduced, while the
candidate low friction piston ring coatings and their effect on friction reduction will be
further introduced in detail in Section 2.3.4.
2.3.3.1 Sliding friction of thermal spray steel coated cylinder bores
Xia et al. [141] compared the boundary lubricated friction behaviour of a
hypereutectic Al-Si alloy (16-18% Si) and a bearing steel (AISI 52100) against a CI
counterface using a Cameron-Plint (TE 77) reciprocating tribometer. The tests were
conducted at a frequency of 20 Hz, a stroke length of 5 mm and a temperature of 100 °C.
The lubricants used were base oils, poly-alpha-olefin (PAO), with the additions of zinc
dialkyldithiophosphate (ZDDP) and molybdenum dialkyldithiocarbamate (MoDTC). The
results showed that when PAO+ZDDP was used as the lubricant, a higher COF value of
0.12 was recorded on the steel sample compared with that of 0.10 on the Al-Si alloy
sample. However, when PAO+ZDDP+MoDTC was used as the lubricant, the steel
sample exhibited a lower COF value of 0.08 compared with that of 0.09 for the Al-Si
sample. Further increase of the concentration of MoDTC led to similar COF values of
0.07 on both the steel and the Al-Si samples. This work underlines the importance of the
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compatibility between engine materials and lubricant additives in determining the
lubricated sliding friction, which will be further explained in Section 2.3.3.3.
Darut et al. [96] conducted reciprocating sliding tests on PTWA coating samples
and CI liner samples using a Cameron-Plint (TE 77) tribometer under the applied loads of
100 N, 200 N, 300 N, at temperatures of 50 °C, 80 °C, 140 °C, and using reciprocating
frequencies that ranged between 2 Hz and 20 Hz. The lubricant used was the standard
engine oil 5W30 (kinematic viscosity at 40 °C: 61.7 mm2/s). It was found that under most
circumstances the COF values recorded on PTWA coatings were lower than those of CI
liners, and the lowest COF value observed was around 0.03 at a load of 100 N, a
temperature of 50 °C and a reciprocating frequency of 20 Hz. It was suggested that the
ferrous oxides and pores in PTWA coatings could be responsible for the observed low
COF. Morawitz et al. [142] assessed the friction behaviour of PTWA carbon steel (0.8%
C) coatings in comparison to CI liners lubricated by engine oil 5W30 using a rotational
sliding tribometer (RRV), and found that compared with CI liners, PTWA coatings
reduced the sliding friction in the boundary and mixed lubrication regimes; once the
hydrodynamic lubrication condition was achieved, the samples tested exhibited similar
COF values of about 0.02. Biberger et al. [119] investigated the friction behaviour of an
engine bore with thermal spray iron based coatings that were prepared by a twin-wire arc
spraying method using a rotational sliding tribometer (Cameron-Plint TE 47). The results
showed that at a temperature of 150 °C, a load of 25 N and using engine oil 0W20
(kinematic viscosity at 40 °C: 44.8 mm2/s) as the lubricants, the thermal spray coating
revealed a COF value of 0.15 at a sliding speed of 0.0625 m/s, and the COF gradually
decreased to the values below 0.02 at sliding speeds above 8 m/s. Bobzin et al. [143]
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prepared three types of thermally sprayed iron-based coatings by PTWA and RSW
techniques, and studied the friction behaviour of these coatings using a reciprocating
tribometer (SVT 1000 P) at a sliding speed of 0.2 m/s, a load of 100 N and a test
temperature of 130 °C. The lubricant used was an engine oil 0W40 (kinematic viscosity
at 40 °C: 70.8 mm2/s). The results showed that all these spray coatings had similar COF
values of ~0.15, while the use of smooth finish on spray coating surface (Sa=0.14 µm)
had a minor friction reduction (by 5%) effect under the test conditions described
hereinbefore. The above review of friction behaviour of cylinder bore materials suggests
that further clarification of the COF values of thermal spray steel coatings under different
lubrication regimes in comparison to CI liners with the same surface finish is needed to
better understand the advantages of using new cylinder bore materials in friction
reduction. In addition to cylinder bore materials, the bore surface finish appears to be
another important factor that influences lubricated sliding friction, and will be further
examined in Section 2.3.3.2.
2.3.3.2 Effect of surface finish (texture and honing) on sliding friction
Pettersson et al. [144] investigated the boundary lubricated friction behaviour of
non-textured and textured (parallel grooves and square depression) DLC and TiN coated
surfaces against a bearing steel ball using a reciprocating tribometer at a frequency of 5
Hz and an applied load of 5 N. It was found that compared with non-textured samples,
the textured DLC coatings could effectively reduce the COF (with lower fluctuations);
however the textured TiN coatings induced higher COF values accompanied by higher
wear losses. Vladescu et al. [145] compared the frictional response of non-textured and
textured (transverse grooves) specimens under limited oil supply conditions, and found
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that the non-textured specimen with oil swept towards the reversal positions exhibited
high sliding friction, while the textured specimen with more evenly-distributed oil on the
wear track lowered the COF by 33%. Artificially generated dimples on smooth surfaces
by laser surface texturing have also been investigated for the purpose of friction
reduction. It was observed that laser surface texturing substantially reduced the COF
compared with non-textured surfaces with similar surface roughness values [118]. It was
also noticed that the friction properties of dimpled surface was sensitive to the size of
dimples generated as well as the test conditions especially the temperature. The dimple
diameter of 40 µm provided lowest COF values in the mixed lubrication regime at a
temperature of 100 °C; whereas at 50 °C the lowest COF values were observed on the
sample with a dimple diameter of 200 µm [146]. Rosenkranz et al. [147, 148] studied the
effect of micro-coined dimples on the lubricated COF of journal bearings, and found that
friction reduction effect was more prominent under the mixed lubrication regime (with λ
ratio up to 3). The underlying friction reduction mechanisms of patterned surfaces were
discussed in terms of the build-up of an additional hydrodynamic pressure that expands
the hydrodynamic lubrication regime, as well as the generation of additional oil
reservoirs on the sliding contact surfaces.
The honed surfaces with different levels of roughness also revealed different
friction properties. Surface roughness parameters measured from 3D surface profiles,
including the arithmetic mean surface roughness (Sa), reduced peak height (Spk), reduced
valley depth (Svk) and core roughness depth (Sk), can be used to indicate the surface
properties. Ma et al. [149] studied the friction behaviour of honed iron liners with
different surface roughness, and found that the running-in stage during lubricated sliding
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was prolonged with the increase of Spk (from 0.78 µm to 1.39 µm). Morawitz et al. [142]
studied the frictional responses of CI liners with standard-honed and smooth-honed
surfaces when subjected to speed changes, and reported that the transition from the mixed
lubrication to the hydrodynamic lubrication regime occurred at a lower sliding speed on
the smooth-honed CI liner. Similar observations were made in Ref [150] where
pronounced friction reduction brought by low surface roughness was observed in the
mixed lubrication regime, while in the boundary lubrication and the hydrodynamic
lubrication regimes, the friction reducing effect was marginal. However, Sato et al. [151]
suggested that compared with a rough-honed surface (Spk=0.35 µm), a plateau honed
surface (Spk=0.11 µm) reduced the friction at reversal positions of a reciprocating stroke
where the boundary and mixed lubrication conditions dominated, but induced high
friction at the middle region of the stroke where the hydrodynamic lubrication condition
prevailed. In addition to influencing the friction behaviour, surface roughness may also
affect the wear behaviour of cylinder bore/liners under both dry [152] and lubricated
sliding conditions [153]. Figure 2.24 shows the surface morphologies of CI liners
subjected to different surface finish strategies and their corresponding bearing ratios,
contact stresses as well as wear rates (at an applied load of 200 N). It is clear that a
mirror-polished surface could effectively increase the bearing ratio and decrease the
contact stress, thus achieve a lower wear rate. The lubricated friction and wear behaviour
of cylinder bore/liners also depend on the lubricants (and additives) used, which will be
examined in Section 2.3.3.3.
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Figure 2.24 (a) 3D profilometry images showing the surface morphologies of CI liners
subjected to mirror-polishing (Sa=0.08 µm), smooth-finishing (Sa=0.26 µm), mediumfinishing (Sa=0.48 µm), and rough-finishing (Sa=6.83 µm); (b) Contact stress plotted
against average % bearing ratio. The wear rates measured at an applied load of 200 N and
under unlubricated sliding condition are also included [152].
2.3.3.3 Effect of lubricant additives on sliding friction
Engine oils consist of complex mixtures of hydrocarbons and are a combination
of base oils and additives [154]. The oil additives are chemical compounds to impart
specific properties to the finished oils, and were initially used during 1920s [155]. In this
section, the two commonly used engine oil additives, namely the friction modifier
molybdenum

dialkyldithiocarbamate

(MoDTC)

and

the

anti-wear

agent

zinc

dialkyldithiophosphate (ZDDP), will be examined.
The original idea of using Mo-S complexes such as MoDTC as oil-soluble
additives developed based on earlier research that showed that MoS2 is a solid lubricant
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[156, 157]. The addition of MoDTC into a base oil (SN 150) could remarkably reduce the
boundary lubricated COF from 0.20 to 0.06 (as shown in Figure 2.25) as determined by
performing steel (AISI 52100) on steel reciprocating tests at an applied load of 3.9 N, a
reciprocating frequency of 20 Hz and a test temperature of 100 °C [158].

Figure 2.25 Variation of COF values with time for steel on steel reciprocating sliding
tests conducted at 100 N using (a) base oil and (b) base oil with 0.18 wt.% MoDTC
[158].
Grossiord et al. [159] conducted steel (AISI 52100) on steel reciprocating sliding
tests at a contact pressure of 0.26 GPa, a frequency of 50 Hz and a temperature of 60 °C,
and confirmed the formation of MoS2 in the tribolayers originating from the use of
MoDTC containing base oil. A chemical process (as shown in Figure 2.26) that resulted
in the formation of MoS2 sheet was proposed, and has been accepted by other researchers
[160]. Electron transfer occurs on Mo-S chemical bonding in MoDTC, which leads to the
formation of three free radicals: one corresponding to the core of the MoDTC molecule
and the others to the chain ends. Chain end radicals then recombine to form thiuram
disulphide, whereas the core radical decomposes into MoS2, which crystallizes into
sheets, and MoO3, as a result of oxidation in the presence of O2. The TEM image (Figure
2.27) of the wear debris revealed that the use of MoDTC resulted in a carbon-based
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composite tribolayer that contained highly dispersed individual sheets of MoS2. Low
friction was achieved due to the sliding between these individual sheets.

Figure 2.26 Chemical process of the formation of MoS2 from MoDTC [159].

Figure 2.27 TEM image of wear debris showing the presence of MoS2 ‘eyelashes’. The
selected area electron diffraction (SAED) pattern reveals two faint rings corresponding to
(100) and (110) reflections of hexagonal MoS2. The absence of the (002) ring means that
no long-range three-dimensional order exists in the MoS2 sheets [159].
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A recent study [161] using Raman spectroscopy revealed that the formation of
MoS2 containing tribolayers during boundary lubricated sliding only occurred at elevated
temperatures. Figure 2.28 (a) shows the variations of COF during the sliding tests of steel
ball (AISI 52100) on steel disk (AISI 1050) using base oil with 0.5 wt.% MoDTC at
different temperatures, and Figure 2.28 (b) shows the corresponding Raman spectrum at
each test temperature. The formation of MoS2 is evidenced by the dual Raman peaks at
380 cm-1 and 410 cm-1. The authors suggested a two-step reaction pathway for the
decomposition of MoDTC, consisting of i) the initial formation of MoSx which depended
on shear stress and ii) the subsequent formation of MoS2 which relied on temperature and
MoDTC concentration in addition to shear stress.

Figure 2.28 (a) COF recorded during the sliding tests conducted using base oil with 0.5
wt.% MoDTC at 200 RPM and 2.12 GPa. (b) Raman spectra obtained from the wear
scars after tests performed at different temperatures [161].
ZDDP is one of the most widely used additives in engine lubricants, as it has been
shown to have multifunctional properties, namely the anti-wear and the anti-oxidant
properties. Figure 2.29 shows the effectiveness of ZDDP addition in a base oil (SN 150)
in wear reduction over a range of oil film thickness. Wear tests were conducted on steel
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blocks (AISI 52100) in contact with steel rings in a load range of 15-300 kg, a rotational
speed range of 10-500 RPM and at an oil temperature of 100 °C. It can be seen that
ZDDP addition effectively reduced the wear rate when the oil film thickness ranged
between 0.01 µm and 0.05 µm corresponding to the boundary lubrication regime [162].

Figure 2.29 Wear rate plotted against lubricant film thickness for steel on steel sliding
tests lubricated by base oil and base oil with 1.0 wt.% ZDDP addition [162].
The addition of ZDDP in lubricants could generate protective tribolayers during
the course of sliding. The composition of ZDDP induced tribolayers on ferrous materials
has been analyzed with a wide range of analytical surface analysis techniques and shown
to be comprised of different sublayers. In general, it is agreed that ZDDP forms a glassy
phosphate film, with different chain lengths as a function of depth, on top of a sulphide
layer [163-165]. A mechanism of film formation from ZDDP on an iron/steel substrate is
suggested and explained with the reactions as follows [165]:
ZnRO 2 PS 2 2 solution   ZnRO 2 PS 2 2 ZDDP adsorbed 
ZnRO 2 PS 2 2 solution   ZnO2 PSR 2 2 Linkage isomer
ZnO2 PSR 2 2 solution   ZnO2 PSR 2 2 Linkage isomer

51

of
of

ZDDP in

solution 

ZDDP adsorbed 

ZnRO 4 P2 S 4  O2 or

ROOH   ZnPO3 2  polyphosphate   sulphur species

7ZnPO3 2  6H 2O  Zn7 P5O16 2  4H 3 PO4
2ZnPO3 2  3H 2O  Zn2 P2O7  2H 3 PO4

(2.3)

Further interactions between the ZDDP decomposing products and the substances
from sliding surfaces could occur, and the formation of sulphide and phosphate particles
in the tribolayers has been observed [130, 166, 167]. Figure 2.30 shows an example of
the tribolayer formed on CI surface as a result of sliding-induced ZDDP decomposition.
The tribolayer generated on the CI surface was not continuous but formed isolated
pockets which consisted of an amorphous carbon matrix with nanocrystalline ZnS
regions.
Several mechanisms have been proposed for the ‘anti-wear’ behaviour of ZDDP
decomposing tribolayers. It was suggested that the ZDDP tribolayer could simply act as a
mechanically protective barrier to prevent direct contact and thus adhesion between metal
(or metal oxide) surfaces [105]. Another mechanism was proposed in terms of the
pressure-induced cross-linking of zinc phosphates, which contributed to the functionality
of these tribolayers [168]. It was also found that these tribolayers could act as cushions to
absorb energy during sliding contacts [169].
The addition of ZDDP in oils and the formation of “patch-like” tribolayers may
affect the sliding friction. Taylor et al. [170] observed the increase of COF values in the
intermediate speed region when base oil was used with the addition of ZDDP, and
suggested that the formation of the rough tribolayer as a result of sliding induced ZDDP
decomposition delayed the transition from the boundary and mixed lubrication regimes to
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the hydrodynamic lubrication regime [116]. A follow-up study [171] has shown that the
formation of ZDDP reaction film led to a reduced oil film thickness compared to ZDDPfree lubricants as determined by the optical interferometry technique. However, this
mechanism remains to be verified.

Figure 2.30 (a) Cross-sectional TEM image of the tribolayer formed on CI surfaces; (b)
HR-TEM image of the crystalline ZnS region in the tribolayer; (c) SAED pattern of the
HR-TEM area [167].
Besides acting as the ‘anti-wear’ agent, ZDDP is also known as an effective
oxidation inhibitor in engine oils. The capability of ZDDP to inhibit oxidation lies in the
chemical reactions directly between ZDDP and hydroperoxides and peroxy-radicals.
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However, these reactions would consume ZDDP molecules and the resultant tribolayer
would not be wear-protective [163]. In addition to ZDDP itself, the ZDDP decomposing
products, such as zinc polyphosphate, Zn(PO3)2, could also react with oxides, such as
Fe2O3. Several equations have been proposed for these chemical reactions [172, 173].
5ZnPO3 2  Fe2O3  Fe2 Zn3 P10O31  2ZnO

(2.4)

2Fe2 Zn3 P10O31  3Fe2O3  5Fe2 ZnP4O14  ZnO

(2.5)

ZnPO3 2  Fe2O3  2FePO4  ZnO

(2.6)

The digestion of the Fe2O3 debris, which are generally considered as abrasives
[174, 175], is beneficial for the reduction of wear [163]. However, its effect on sliding
friction remains to be studied. For one thing, as stated before, the ZDDP addition in oils
is normally accompanied with the increase in COF. In addition, the tribolayers generated
on iron oxide surfaces might be different from the ones generated on steel surfaces,
which could give rise to a low COF as indicated in Ref [176].
2.3.4 Carbon-based piston ring coatings for friction reduction
Section 2.3.3 summarized the lubricated friction behaviour of cylinder bores with
the considerations of bore materials and surface finish as well as lubricant additives.
Besides the factors mentioned above, the counterpart piston rings, which are normally
coated for improved tribological properties, also affect the sliding friction of the
tribosystem being studied. Piston rings are generally manufactured from CI or steel and
are often surface treated such as nitrided [177], or coated with Cr/CrN [178, 179]. DLC
coatings have long been known for their low friction and high wear resistance but only
recently have these coatings been used in mass-produced engines due to the
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improvements in coating deposition techniques [180]. The possibility of cold scuffing
(during the engine start up or the initial running-in [94]) could be reduced using a DLC
coated piston ring due to the formation of a graphitic transfer layer on the engine liner
surface [152]. Kennedy et al. [181] compared the friction losses in a fired single cylinder
engine with the uses of different ring packages. The conventional ring package (used as
the reference) included a nitrided top compression ring (TCR), an uncoated CI second
compression ring and a nitrided oil control ring, while the DLC ring package consisted of
a H-DLC (Carboglide®) coated TCR, an uncoated CI second compression ring and a HDLC coated oil control ring. The results showed that the employment of the DLC ring
package could reduce the friction loss by 20%. Banerji et al. [167] compared the friction
performances of ASM type A grey CI sliding against itself and a NH-DLC coating under
the boundary lubrication regime. Tests were conducted at an applied load of 5 N and a
sliding speed of 0.05 m/s lubricated by engine oil 5W30 using a pin-on-disk tribometer.
The CI/CI tribosystem showed a higher COF value of 0.13 in the steady-state friction
period compared with that of 0.09 for the CI/NH-DLC tribosystem. Another study [138]
conducted using a reciprocating tribometer on thermal spray 1010 steel coated bore
samples sliding against H-DLC (25 at.% H) and CrN coated piston rings revealed that the
use of H-DLC coated piston ring resulted in a lower boundary lubricated COF of 0.10
compared with that of 0.12 for the CrN coated piston ring. An amorphous carbon transfer
layer (as shown in Figure 2.31) on top of the tribolayer generated on spray coating
surface was identified and suggested to be responsible for the observed low boundary
lubricated COF.
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Figure 2.31 HR-TEM images showing the formation of (a) an amorphous transfer layer
and an oil residue layer (ORL) on the top of the PTWA thermal spray coatings consisting
of FeO thin layers [138].
Kano [182] conducted pin-on-disk type friction tests for non-hydrogenated
tetrahedral amorphous carbon (ta-C) and H-DLC (20 at.% H) coatings sliding against
AISI 52100 bearing steels under a pressure of 700 MPa and at a temperature of 80 °C
using engine oil 5W30. The results revealed that under the boundary lubrication
condition, the ta-C coating showed a COF value of 0.08 compared to that of 0.10 for the
H-DLC coating. Bhowmick et al. [183] studied the friction properties of H-DLC (40 at.%
H) and W-DLC (20 at.% W and <2 at.% H) coatings sliding against an Al alloy (A319)
using a pin-on-disk tribometer. Tests were conducted at a load of 5 N and a sliding speed
of 0.12 m/s under the boundary lubrication condition. The lubricants (LubriFluid, Vogel,
Germany) used contained sulphur (S) and phosphorus (P) additives. The results showed
that the W-DLC coating exhibited a lower COF value of 0.11 compared with that of 0.14
for the H-DLC coating, which was attributed to the transfer layer incorporating WS 2 that
was generated on A319 Al surface. De Barros’ Bouchet et al. [184] compared the
boundary lubricated friction behaviour of H-DLC (50 at.% H) and NH-DLC (<5 at.% H)

56

coatings sliding against AISI 52100 steel cylinder counterfaces using a Cameron-Plint
tribometer at a normal load of 350 N, a sliding speed of 0.2 m/s and a temperature of 100
°C. The results showed that the steady-state COF value of the H-DLC coating was about
0.1 while that of the NH-DLC coating was around 0.09 when base oil (PAO) was used as
the lubricant. The lower boundary lubricated COF of NH-DLC coating could be derived
from the passivation of carbon dangling bonds on the NH-DLC coating surfaces by the
oxygen species in the lubricating oil [80, 185, 186]. Haque [187] studied the tribolayer
formation on non-ferrous coatings namely the H-DLC (30 at.% H) coating and the CrN
coating that were placed in sliding contact with CI counterfaces under the boundary
lubrication condition. Tests were conducted using a pin-on-plate reciprocating tribometer
at an applied load of 326 N and a test temperature of 100 °C. It was found that the
friction modifiers (including MoDTC) in the lubricating oil induced the formation of low
friction tribolayers mainly consisting of MoS2 on both types of non-ferrous coatings
tested, whereas the anti-wear tribolayers deriving from the ZDDP decomposition were
only observed on the CrN coating surface. Further studies [188, 189] have shown that the
incorporation of MoDTC in the lubricants may induce high wear losses of H-DLC (15
at.% and 30 at.% H) coatings under the boundary lubrication regime, possibly due to the
formation of abrasive Mo-carbides [190] or MoO3 [191] from the sliding-induced
decomposition of MoDTC.
In addition to the boundary lubrication condition, Vengudusamy et al. [192]
studied the friction behaviour of H-DLC coating under the mixed lubrication regime, and
observed similar COF values for the H-DLC/H-DLC tribosystem and the steel/steel
tribosystem in the initial friction period. However, during prolonged rubbing the

57

steel/steel tribosystem revealed increased COF values due to the tribolayer formation
from ZDDP decomposition. Kalin et al. [193] investigated the frictional responses of HDLC/steel and H-DLC/H-DLC tribosystems under the EHL regime and found that the HDLC/H-DLC tribosystem achieved the lowest COF value in this regime followed by the
H-DLC/steel tribosystem and then the steel/steel tribosystem. Bjorling et al. [194]
attributed the low COF of Cr-DLC/Cr-DLC tribosystem in the EHL regime to the
increased oil temperature that resulted in lower shear resistance of oil molecules in the
contact area.
In summary, the use of DLC coated piston rings as the counterface could reduce
the sliding friction of cylinder bores in the boundary lubrication regime and possibly in
the mixed lubrication and the EHL regimes as well. However, the friction reduction
effect of different types of DLC coatings when sliding against the new cylinder bore
material, namely the thermal spray steel coatings (with different surface roughness)
remains to be studied, and is among the main topics of this dissertation.
2.4 Summary of main knowledge gaps
In the open literature, the friction and wear problems of engine valves and
cylinder bores made of Ti, Al alloys have been identified, and the main knowledge gaps
can be summarized into the following points:
i. The use of lightweight Ti alloy valves contributes to improved engine
performance, but proper surface coatings are needed for high temperature wear
protection. Thermal oxidation (TO) treatment as a cost-effective surface engineering
method can be applied on Ti alloys, but the high temperature wear mechanisms of TOtreated Ti alloys remain to be studied under both sliding and impact wear conditions.
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ii. The use of Al-Si cylinder bores contributes to vehicle lightweighting, but their
running surfaces need to be protected by ferrous coatings or liners. Thermal spray steel
coatings as a new generation of bore coatings can impart low friction and wear
performances, but the relationships between wear, surface roughness and sliding friction
remain to be understood under a lubrication condition.
iii. Carbon-based coatings as adhesion mitigating counterfaces for lightweight Ti,
Al alloys exhibit low friction properties at both high temperature and lubrication
conditions, but for the potential applications of seat inserts and piston rings, the
tribological compatibility and the underlying friction reduction mechanisms remain to be
studied.
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CHAPTER 3
High Temperature Wear Mechanisms in Thermally Oxidized Titanium Alloys for
Engine Valve Applications
3.1 Introduction
Ti alloys that combine high strength, low density and excellent corrosion
resistance are regarded as promising lightweight candidates in the automotive industry [1,
2]. Development of wear resistant lightweight materials for automotive applications is a
demanding task especially when these components operate at elevated temperatures. The
automotive engine components that operate at elevated temperature are faced with severe
working conditions including oxidation, creep and thermal fatigue. In particular, engine
valves that repeatedly strike the seat inserts are subjected to an environment consisting of
hot combustion gases, and intake valves operate at temperature around 350 °C and
exhaust valves at 550 °C [3, 4]. It was suggested that the periodic impact of the valveseat insert assembly is accompanied with short-distance sliding contact [5, 6], which
leads to local wear [7]. Wear scars generated on valve seating face may lead to valve
recession and reduce the engine performance [8]. Formation of tribolayers is thought to
reduce the intensity of wear [9]. Compared with conventional stainless steel valves, the
use of Ti alloy valves brings about 45% mass reduction, which permits an increase in
maximum engine speed [10]. Other benefits such as low vibration and low noise were
also noted [11].
Ti alloys, albeit of growing importance to the automotive industry, are reported to
possess a low wear resistance [12-14], and suffer from either oxidational wear typically at
low sliding speeds (0.3-0.5 m/s) or plastic shear induced “metallic wear” at high sliding
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speeds (0.6-0.8 m/s) [14]. Surface engineering methods were applied to Ti alloys to
improve their wear resistance. These methods encompass i) physical vapour deposition
(PVD) of (Ti, Al)N coating and chemical vapour deposition (CVD) of diamond coating
[15, 16], ii) ion implantation with nitrogen and oxygen [17] and iii) thermal oxidation
(TO) [18]. Among these techniques, the TO treatment can be implemented at a low cost
and as such can become the preferential method for mass production [19]. The exposure
of Ti alloys to oxygen containing atmospheres at elevated temperatures namely at 600 °C
[20-22] and 850 °C [18] would generate a hard surface oxide layer with an adjacent
oxygen diffusion zone, and the oxidation rate of Ti alloys in the temperature range of
600-1000 °C was found to follow a parabolic law [23].
The sliding wear behaviour of TO-Ti alloys has been studied by conducting
experiments at 25 °C [20-22, 24-28]. Borgioli et al. [24] assessed the wear resistance of
TO-Ti-6Al-4V (900 °C for 2 h) using a block-on-ring type tribometer at an applied load
of 50 N and sliding speeds ranging between 0.4 m/s and 1.6 m/s. The results revealed that
TO-Ti-6Al-4V offered better wear resistance at all test speeds in comparison to the
untreated Ti-6Al-4V as well as Ti-6Al-4V subjected to nitriding. Krishna et al. [25, 26]
generated rutile TiO2 and anatase TiO2 coatings by thermal oxidation (550 °C for 5 h)
and magnetron sputtering on AISI 316L steel substrates, and evaluated coatings’ wear
resistance using a ball-on-disk tribometer under applied loads of 1 N and 3 N. The
counterface used was alumina ball with a diameter of 6 mm, which provided maximum
contact pressures of 800 MPa (1 N) and 1150 MPa (3 N) [29] at the inception of sliding
tests. Compared with the uncoated steel, a reduced volumetric wear rate by two to three
orders of magnitude was observed on rutile TiO2 coated sample. In addition, TiO2 coating
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with rutile structure was found to provide better wear resistance than anatase type TiO2
coating. Dong et al. [22] studied the wear behaviour of TO-Ti-6Al-4V under boundary
lubricated rolling-sliding conditions by applying a contact pressure of 500 MPa. It was
observed that thermal oxidation of Ti-6Al-4V at 600 °C for 65 h generated a 2 μm oxide
layer with a 20 μm oxygen diffusion zone beneath, and reduced wear rate of the alloy by
more than two orders of magnitude by eliminating adhesive wear. Yadanian et al. [21]
compared the wear resistance of untreated Ti-6Al-4V and TO-Ti-6Al-4V (600 °C for 60
h) under ambient air and vacuum (7×10-6 torr) atmospheres using a ball-on-disk
tribometer at an applied load of 2 N. The results showed that surface TiO2 layer protected
the underneath Ti-6Al-4V from oxidational wear in an ambient air atmosphere, and from
plastic deformation induced wear in vacuum. Dalili et al. [27] studied the wear behaviour
of TO-Ti-6Al-4V/TiC composites (800 °C for 20 min) using a ball-on-disk tribometer in
the load range of 2-10 N, and suggested that the presence of TiO2 layer could prevent
abrasive wear induced by detached TiC particles. Dearnley et al. [28] assessed the
corrosion-wear behaviour of TO-Ti-6Al-4V (625 °C for 36 h) using a reciprocating
tribometer at an applied load of 1 N with samples immersed into a NaCl bath. The results
indicated that the presence of a rutile TiO2 layer slowed down the rate of corrosion-wear
process, and after the exfoliation of surface TiO2 layer, the underneath oxygen diffusion
zone continued to protect the Ti-6Al-4V and this process maintained the low wear rate.
Robust industrial coatings with prolonged service life require a combination of
high toughness and good adhesion properties [30]. Thus, in addition to the enhancement
of wear resistance provided by thermal oxidation, it is also important for TO-Ti alloys
that operate under the impact condition that the TiO2 layer and oxygen diffusion zone be
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resistant to crack initiation and propagation. Surface crack formation can be evaluated by
performing impact testing where a hard spherical indenter typically made of tungsten
carbide is accelerated towards a stationary flat sample [31]. After the impact, plastic
deformation was observed to occur in the ductile substrates [32]. With the increase of
impact load and/or velocity, the damage on sample surface evolves from an impression to
ring cracks, then to surface radial cracks, and eventually to lateral cracks [33, 34].
From the above review, it becomes clear that there is a gap in the tribological
characterization of thermally oxidized Ti alloys; the improvements in high temperature
wear resistance of TO-Ti alloys that are technologically important for lightweight
automotive components such as engine valves should be studied. Hence, this work aims
to study the high temperature wear behaviour of thermally oxidized Ti alloys. For this
purpose, sliding wear tests at 25 °C, 350 °C and 550 °C were conducted on untreated Ti6Al-4V and TO-Ti-6Al-4V using a high temperature wear tribometer designed and built
for this purpose. In addition, high temperature impact tests were performed to evaluate
the potential impact damage of the hard surface layers that were generated on TO-Ti-6Al4V. Surface and subsurface characterization by electron microscopy and spectroscopic
methods were used to delineate the micro-mechanisms responsible for the observed
improved wear performance.
3.2 Experimental
3.2.1 Thermal oxidation procedure
Ti-6Al-4V alloy disks, with a diameter of 25.4 mm and a thickness of 7.0 mm,
were metallographically ground and polished to an average surface roughness (Sa) of
20±5 nm as measured by an optical profilometer (Wyko NT-1100) that operated in the
78

white light vertical-scanning interferometry (VSI) mode [35]. The polished disks were
oxidized in an air furnace at 600 °C for 60 h [20, 21], and then furnace cooled to 25 °C.
The thermally oxidized sample surfaces had a Sa of 295±15 nm.
3.2.2 Impact and wear tests
An illustration of the contact surfaces in a real valve-seat insert assembly in
internal combustion (IC) engines is shown in Figure 3.1 (a). The engine valves are
subjected to an impact load that is caused by the operation of cam-tappet during valve
closing, and a short-distance sliding that is caused by the wedging action of valves under
the effect of combustion gas pressure [3]. In order to conduct laboratory-scale tests to
evaluate both the impact damage and the sliding wear of materials that can potentially be
used in the components that operate at elevated temperatures, a high temperature
impact/wear tribometer equipped with a loading system driven by a two-way short-stroke
piston with compressed air was specifically built at the University of Windsor as shown
in Figure 3.1 (b). The air cylinder loading system has a capacity of 10-300 N with good
repeatability (within ±1%) to provide either a cyclic impact load for conducting impact
tests (Figure 3.1c) or a stationary normal load for performing sliding wear tests (Figure
3.1d). The laser displacement sensor could continuously measure the dynamic changes
that occur in the height of the moving shaft within a measuring range of ±15 mm at a
high data acquisition frequency of 50 kHz, such that the velocity of indenter during the
impact testing was determined.
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Figure 3.1 (a) Dimetric drawing of engine valve-seat insert assembly showing the
contact surfaces. (b) Schematic diagram of the main components of the high temperature
impact/wear tribometer equipped with a two-way air cylinder loading system. Illustration
of (c) ball-on-disk impact test configuration and (d) pin-on-disk sliding test configuration
generated by this equipment.
3.2.2.1 Single-cycle impact tests
To assess the potential impact damage of TO-Ti-6Al-4V with surface layers
generated by thermal oxidation, single-cycle impact tests were conducted at 25 °C, 350
°C (intake valve working temperature) and 550 °C (exhaust valve working temperature)
using a C2 grade tungsten carbide counterface in the shape of a sphere with a diameter of
8 mm striking the stationary TO-Ti-6Al-4V disk surface from a distance of 10 mm at an
impact velocity of 0.3 m/s. A high impact load of 200 N (corresponding to a maximum
contact pressure of 4.8 GPa [29]) was applied. Each impact test was repeated twice at the
same test condition. After the tests, the diameter of impact damage site was determined
using an optical profilometer. The length of cracks that penetrated in the direction

80

perpendicular to impact surface at 25 °C, 350 °C and 550 °C was measured using crosssectional images taken by scanning electron microscope (SEM). At each test temperature
3 cross-sectional samples were studied and the crack length values reported were the
average of at least 9 measurements. The details of preparation of cross-sectional SEM
samples are described in Section 3.2.3.
3.2.2.2 Sliding wear tests
Sliding wear tests were carried out on untreated Ti-6Al-4V and TO-Ti-6Al-4V
samples at 25 °C, 350 °C and 550 °C. A 15 mm long grey cast iron (ASM Type A) pin
with one end machined into a hemisphere with a diameter of 4.05 mm was used as the
counterface, as the grey cast iron is a conventional valve seat material [36]. A sliding
speed of 0.2 m/s and an applied load of 50 N were used. A high contact pressure of 2.7
GPa [29] was generated at the beginning of sliding tests, and decreased to the range of
4.6-15.6 MPa due to the pin wear. It is noted that the peak gas pressure experienced by
the valve-seat insert assembly in IC engines ranges from 3.5 MPa to 18 MPa [37, 38].
Each sliding test was carried on for a sliding distance of 180 m and repeated twice at each
temperature. The maximum wear track depth and the volumetric wear loss were
determined from different regions of wear tracks formed on the disk sample surfaces
using an optical profilometry technique as described in [39, 40].
3.2.3 Materials characterization
The oxide phases on Ti-6Al-4V surface before and after the thermal oxidation, as
well as the phase compositions on the worn surfaces of TO-Ti-6Al-4V after the sliding
tests were determined using a Raman micro-spectrometer (Horiba) with a 50 mV NdYAG solid state laser (532.0 nm excitation line) equipped with a ×50 objective lens
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having a laser spot diameter of 1 μm. The cross-sections of untreated Ti-6Al-4V and TOTi-6Al-4V before and after impact as well as sliding tests were prepared by polishing and
etching using Kroll’s reagent (1.5 mL HF, 4 mL HNO3 and 94 mL H2O) for 30s. For the
hardness measurements, tapered cross-sectional samples of untreated Ti-6Al-4V and TOTi-6Al-4V were prepared at a tilted angle of 6° to the polished Ti-6Al-4V surfaces. This
method provided magnification of ×10 the subsurfaces. The Vickers hardness tests were
then conducted on the tapered cross-sectional samples at a load of 0.245 N and each
reported value was the average of 5 measurements. The surface and subsurface
microstructures were examined using JEOL JSM 6400 and FEI Quanta 200 FEG SEM
operated at a voltage of 15 kV.
3.3 Results and discussion
3.3.1 Thermally oxidized Ti-6Al-4V
A cross-sectional secondary electron (SE) image of untreated Ti-6Al-4V is shown
in Figure 3.2 (a). The microstructure of Ti-6Al-4V consisted of an α+β matrix and an
inter-granular β phase. The microstructure of Ti-6Al-4V after thermal oxidation treatment
(TO-Ti-6Al-4V) is shown in Figure 3.2 (b). A continuous and crack-free oxide layer with
a thickness of ~1.5 μm was observed on the top surface, beneath which an oxygen
diffusion zone extended to a depth of ~9.0 μm. In the oxygen diffusion zone
transformation of β phase into α phase occurred since O is a typical α-stabilizer [27, 41],
thus the oxygen diffusion zone was characterized by smaller amount of β phase. The
phase compositions in different regions of TO-Ti-6Al-4V were calculated, and it was
found that the percentage of α phase increased from 52% in the base Ti-6Al-4V to 85%
in the oxygen diffusion zone. The Raman spectra of TO-Ti-6Al-4V in comparison to
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untreated Ti-6Al-4V are shown in Figure 3.2 (c), and revealed that TiO2 (rutile) was the
major phase of the surface oxide layer, as revealed by the Raman peaks at 246 cm -1, 444
cm-1, 608 cm-1 and 799 cm-1 [42].

Figure 3.2 Cross-sectional secondary electron (SE) images of (a) untreated Ti-6Al-4V
and (b) thermally oxidized Ti-6Al-4V (TO-Ti-6Al-4V) showing the oxide layer (OL),
oxygen diffusion zone (ODZ) and base metal (BM) Ti-6Al-4V. (c) Raman spectra taken
from the surfaces of untreated Ti-6Al-4V and TO-Ti-6Al-4V.
A notable hardening effect, shown in Figure 3.3 (a), was achieved during thermal
oxidation due to the formation of the hard layers consisting of the surface TiO 2 layer and
the oxygen diffusion zone underneath. The surface TiO2 layer had hardness values of
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900-1000 HV, while the oxygen diffusion zone revealed decreasing hardness values with
increasing the depth, from 700 HV at 1.5 μm to 400 HV at 9.5 μm. The base metal as
well as untreated Ti-6Al-4V showed lower hardness values with an average of 330±10
HV. A set of Vickers hardness indentation impressions made on the tapered cross-section
of TO-Ti-6Al-4V is shown in Figure 3.3 (b) as an example where the increase in size of
indentations with increasing the percentage of β phase is noted.

Figure 3.3 (a) Hardness-depth profiles of untreated Ti-6Al-4V and TO-Ti-6Al-4V. (b)
SE image of Vickers indentations made on a tapered cross-section (tilted at 6°) of TO-Ti6Al-4V. The tapered cross-section provided a 10 times magnification in x direction
compared with y direction. The SE image was taken at a tilted angle of 45°. OL, ODZ
and BM refer to surface oxide layer, oxygen diffusion zone and base metal (Ti-6Al-4V),
respectively.
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3.3.2 Impact damage of thermally oxidized Ti-6Al-4V surfaces
As TO-Ti-6Al-4V consisted of hard surface layers on a ductile matrix, plastic
deformation occurring in the Ti-6Al-4V core under an application of impact load might
cause fracture and exfoliation of surface layers. For this reason, the role of temperature
on impact damage mechanisms of TO-Ti-6Al-4V samples was studied by conducting
single-cycle impact tests at temperatures of 25 °C, 350 °C and 550 °C by applying a high
impact load of 200 N corresponding to a (maximum) contact pressure of 4.8 GPa. Typical
morphologies of the impact damage sites on TO-Ti-6Al-4V tested at 25 °C and 550 °C
are shown in Figures 3.4 (a)-(f). The circular impression formed at 25 °C had a diameter
of 0.8 mm. The surface (rutile) TiO2 layer remained undetached (Figure 3.4a) and
exhibited a set of ring cracks generated around the indentation impression (Figure 3.4b),
which is consistent with previous observations [43-45]. The SE image taken from the
region containing a typical ring crack (marked as (c) in Figure 3.4b) revealed that
transferred particles rich in W and C were locally adhered to TiO2 oxide crystals with
cubical morphology (Figure 3.4c). The impact indentation impression generated at 550
°C, on the other hand, had a larger diameter of 1.2 mm which can be attributed to the
thermal softening of base metal Ti-6Al-4V at this temperature. The TiO2 layer remained
undetached (Figure 3.4d) but several concentric ring cracks were observed in the
peripheral area of the contact area (Figure 3.4e). The SE image at high magnification
(Figure 3.4f) showed the transferred WC chips that remained attached onto the TiO2 layer
surface similar to what was observed at 25 °C.
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Figure 3.4 (a) Typical backscattered electron (BSE) image of the surface morphology of
TO-Ti-6Al-4V disk after single impact at 200 N and 25 °C. (b) SE image of the region
marked as (b) in (a) showing a set of ring cracks generated in the peripheral area of
impact damage site. (c) High magnification SE image of the region marked as (c) in (b).
(d) Typical BSE image of the surface morphology of TO-Ti-6Al-4V disk after single
impact at 200 N and 550 °C. (e) SE image of the region marked as (e) in (d) showing a
set of ring cracks formed in the peripheral area of impact damage site. (f) High
magnification SE image of the region marked as (f) in (e).
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The propagation of ring cracks was investigated by taking cross-sectional SEM
observations from the areas near the edges of impact damage sites (labelled as AA’ in
Figure 3.4a and BB’ in Figure 3.4d), and the representative SE images of cracks formed
at 25 °C and 550 °C are shown in Figures 3.5 (a)-(c). At 25 °C, the ring cracks penetrated
through the TiO2 layer in a direction perpendicular to contact surface and reached into the
oxygen diffusion zone (Figure 3.5a). The SE image at high magnification (Figure 3.5b)
showed that for the cracks that penetrated through the TiO2 layer, the inter-granular β
phase in the oxygen diffusion zone appeared to act as preferential sites for further crack
propagation. At 550 °C some ring cracks were found to reach the oxygen diffusion zone
but others were arrested at the interface between the oxide layer and the oxygen diffusion
zone (Figure 3.5c). Using the cross-sectional SEM observations, the average lengths of
cracks propagated at different temperatures were estimated. The crack lengths decreased
from 10.4±0.6 μm at 25 °C to 7.8±2.0 μm at 350 °C, and to 3.7±1.7 μm at 550 °C. Hence
the propensity of crack growth was reduced with increasing the temperature. It can be
inferred that the ductility of surface layers increased at elevated temperatures [46] and
consequently had a beneficial effect in resisting wear and potential coating detachment
from the diffusion zone at elevated temperatures, which will be examined in Section
3.3.3.
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Figure 3.5 (a) Cross-sectional SE image of the microstructure taken from the location
marked as AA’ in Figure 3.4 (a) showing the penetration of ring cracks after single
impact at 25 °C under an impact load of 200 N. (b) High magnification SE image of the
region marked as (b) in (a) showing details of crack propagation path. (c) Cross-sectional
SE image of the microstructure taken from the location marked as BB’ in Figure 3.4 (d)
showing the penetration of ring cracks after single impact at 550 °C under an impact load
of 200 N. OL and ODZ refer to surface oxide layer and oxygen diffusion zone,
respectively.
3.3.3 Sliding wear of thermally oxidized Ti-6Al-4V
3.3.3.1 Volumetric wear loss
As described in Section 3.2.2.2, wear tests were performed on TO-Ti-6Al-4V and
untreated Ti-6Al-4V disks placed in sliding contact with cast iron pins at temperatures of
25 °C, 350 °C and 550 °C under a constant load of 50 N for a total sliding distance of 180
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m. The corresponding volumetric wear losses of thermally oxidized and unoxidized
samples at different temperatures are shown in Figure 3.6. Unlike the untreated Ti-6Al4V samples, which exhibited increased wear losses with the temperature, the TO-Ti-6Al4V samples exhibited reduced wear losses when test temperature increased. In addition,
higher wear resistance was observed for TO-Ti-6Al-4V samples at all three test
temperatures with the lowest wear loss of (1.3±0.3)×10-3 mm3 recorded at 550 °C, which
was about four orders of magnitude lower than that of untreated Ti-6Al-4V sample at the
same test condition.

Figure 3.6 Volumetric wear losses of untreated Ti-6Al-4V and TO-Ti-6Al-4V disks after
sliding against cast iron pins at 25 °C, 350 °C and 550 °C at an applied load of 50 N and
a sliding speed of 0.2 m/s for a total sliding distance of 180 m.
Typical 3-D surface profilometry images incorporating 2-D line scans showing
morphologies of wear tracks of untreated Ti-6Al-4V and TO-Ti-6Al-4V samples after
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sliding tests at 25 °C, 350 °C and 550 °C are shown in Figures 3.7 (a)-(f). For the
untreated Ti-6Al-4V samples (Figures 3.7a-c), the sliding wear damage at 350 °C was
slightly more extensive than that at 25 °C, with the maximum depth of wear track
measured as 61.7±6.0 μm at 350 °C in comparison to a depth of 50.2±8.0 μm recorded at
25 °C. When the tests were carried out at 550 °C which was close to the upper limit of
service temperature of Ti alloys [47], a deeper wear track with the maximum depth >300
μm was observed. For TO-Ti-6Al-4V samples (Figures 3.7d-f), on the other hand, the
wear damage was significantly alleviated especially at the elevated temperatures. The
maximum wear track depth which was measured as 26.0±4.7 μm at 25 °C, was reduced
to 4.7±1.0 μm at 350 °C, and to 0.3±0.1 μm at 550 °C. Since the thicknesses of the TiO2
layer and the oxygen diffusion zone were ~1.5 μm and ~9.0 μm respectively (Figure 3.2),
the wear damage on the TO-Ti-6Al-4V samples at 25 °C has already reached the base
metal Ti-6Al-4V in certain locations, while at 350 °C the wear damage was confined to
the oxygen diffusion zone and at 550 °C to the surface TiO2 layer.

Figure 3.7 Typical 3-D surface profilometry images incorporating 2-D line scans of the
wear tracks formed on untreated Ti-6Al-4V disks at (a) 25 °C, (b) 350 °C, (c) 550 °C,
and on TO-Ti-6Al-4V disks at (d) 25 °C, (e) 350 °C, (f) 550 °C after sliding against cast
iron pins at 50 N for 180 m.
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3.3.3.2 Worn surface morphologies of thermally oxidized Ti-6Al-4V
Representative backscattered electron (BSE) images of the wear tracks of TO-Ti6Al-4V samples taken after sliding against cast iron pins at 25 °C, 350 °C and 550 °C for
180 m are shown in Figures 3.8 (a)-(c), while the corresponding Raman spectra of
transferred materials located on the wear tracks formed at these test temperatures are
shown in Figure 3.8 (d). At 25 °C, the wear tracks consisted of large areas of exposed
base alloy Ti-6Al-4V and exhibited distinct ploughing grooves propagating in the
direction of sliding (Figure 3.8a). The carbonaceous material transfer from the cast iron
pins at 25 °C was identified at some locations (e.g. location A in Figure 3.8a) by Raman
spectroscopy as the peaks at 1330 cm-1 and 1588 cm-1 designated as D band and G band
of carbon were observed (Figure 3.8d). At 350 °C, large areas of oxygen diffusion zone
were exposed but no apparent ploughing grooves were observed on the worn surface
(Figure 3.8b), suggesting that the oxygen diffusion zone might have contributed to the
improved wear resistance. Typical constituents of transferred materials (e.g. location B in
Figure 3.8b) included carbonaceous materials mixed with iron oxides, which consisted of
Fe2O3 as confirmed by the Raman peaks at 220 cm-1, 291 cm-1, 406 cm-1, 496 cm-1 [48],
and Fe3O4 as evidenced by 662 cm-1 [48]. Meanwhile, the presence of Raman peaks at
246 cm-1 and 608 cm-1 indicated that some rutile TiO2 [42] patches remained on the disk
surface (Figure 3.8d). At 550 °C, the surface TiO2 layer remained intact with no sign of
abrasive wear (Figure 3.8c), while large pieces of transferred materials that were adhered
to the TiO2 surface (e.g. location C in Figure 3.8c) were identified as a mixture of carbon
residues and iron oxides (Figure 3.8d).
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Figure 3.8 Representative BSE images of the worn surfaces of TO-Ti-6Al-4V disks after
sliding against cast iron pins at 50 N at (a) 25 °C, (b) 350 °C and (c) 550 °C. (d) Raman
spectra taken from location A in (a), location B in (b) and location C in (c) showing the
typical compositions of transferred materials on the worn surfaces. SD is short for sliding
direction.
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Typical BSE images of worn surface morphologies of corresponding cast iron
pins after sliding tests against TO-Ti-4Al-4V disks are shown in Figures 3.9 (a)-(c). The
traces of transferred Ti from disk samples were observed on cast iron pin surfaces at 25
°C and 350 °C (Figures 3.9a-b), whereas at 550 °C the Ti transfer could hardly be
detected on the pin surface (Figure 3.9c), since the TiO2 layer on the disk sample was
intact at this test condition (Figure 3.8c). It can be therefore inferred that at high
temperature due to the thermal softening of the cast iron counterface (Figure 3.9c), the
material transfer process from cast iron pins to disk surfaces was facilitated, which might
have helped to reduce the wear loss of disk samples by forming protective tribolayers
[49, 50].

Figure 3.9 Worn surface morphologies of cast iron pins after sliding against TO-Ti-6Al4V disks at (a) 25 °C, (b) 350 °C and (c) 550 °C under an applied load of 50 N and a
sliding speed of 0.2 m/s for a total sliding distance of 180 m.
3.3.3.3 Subsurface deformation of thermally oxidized Ti-6Al-4V
Subsurface microstructures of TO-Ti-6Al-4V generated during wear tests at 25
°C, 350 °C and 550 °C are shown in Figures 3.10 (a)-(c). At 25 °C, the surface TiO2 layer
and the oxygen diffusion zone were removed during the course of sliding, and a severely
deformed base metal Ti-6Al-4V (to a depth of 25 μm) was observed (Figure 3.10a). At
350 °C, large portions of surface TiO2 layer were peeled off, whereas the oxygen
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diffusion zone remained intact. A plastic strain gradient was observed to occur within the
oxygen diffusion zone and gradually continued in the base metal Ti-6Al-4V (Figure
3.10b). At 550 °C, large pieces of transferred materials covered the surface TiO2 layer
and no exfoliation of surface oxide layer occurred during the entire test duration.
Meanwhile, no sign of subsurface plastic deformation was observed (Figure 3.10c) unlike
those occurred at 25 °C and 350 °C.
3.3.4 Discussion: Micro-mechanisms responsible for high wear resistance of thermally
oxidized Ti-6Al-4V
Sliding wear of Ti alloys is accompanied with the generation of subsurface plastic
strains like other ductile alloys [51-53]. The accumulation of plastic strains during the
course of sliding eventually leads to the exhaustion of ductility in the material layers
beneath the contact surfaces and fracture may occur at second phase particles or at grain
boundaries at a critical distance below the surface leading to formation of wear debris
[54, 55]. Typical cross-sectional SE images of untreated Ti-6Al-4V disk samples after
sliding tests at 25 °C, 350 °C and 550 °C are shown in Figures 3.11 (a)-(c). It can be seen
that at 350 °C and 550 °C the strain levels were higher compared with those observed at
25 °C. The strain gradients generated at different temperatures were estimated using the
locations of inter-granular β phase as metallographic markers which revealed their
orientation changes towards sliding direction [56]. Figure 3.12 shows the equivalent
plastic strain gradients along the depth from the contact surface at 25 °C, 350 °C and 550
°C for untreated and TO-treated alloys. For untreated Ti-6Al-4V, higher strain levels
beneath the contact surface were reached at 350 °C and 550 °C in comparison to those at
25 °C (Figure 3.12a). Equivalent plastic strains at a depth of 1 μm from the top surface
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were 2.88 at 350 °C and 2.90 at 550 °C, compared to 1.41 at 1 μm at 25 °C. It is clear that
high temperature sliding caused softening of the alloy. The TO-Ti-6Al-4V, on the other
hand, displayed lower strain levels when the temperature was increased (Figure 3.12b).
The subsurface strain distributions in TO-Ti-6Al-4V and untreated Ti-6Al-4V showed the
same trends at 25 °C due to the removal of hard surface layers in TO-treated alloys. At
350 °C, as the oxygen diffusion zone remained intact, the extent of subsurface plastic
strains was smaller for this reason. For example the equivalent strain at a depth of 1 μm
was estimated as ~0.55, which was 60% smaller than that at 25 °C. When the test
temperature increased to 550 °C, the retention of TiO2 layer protected the subsurface
material from plastic deformation. It is also pertinent to note that when temperature rose
the propensity of crack growth was reduced and the ductility of hard surface layers
increased according to the high temperature impact test results. In summary, the current
results demonstrated that the improvement in wear resistance of Ti alloys subjected to
thermal oxidation was due to the generation of hard layers which reduced the extent of
subsurface strains.
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Figure 3.10 Representative cross-sectional SE images of TO-Ti-6Al-4V disks after
sliding against cast iron pins at 50 N at (a) 25 °C, (b) 350 °C and (c) 550 °C. OL, ODZ
and BM refer to surface oxide layer, oxygen diffusion zone and base metal (Ti-6Al-4V),
respectively. SD is short for sliding direction.
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Figure 3.11 Representative cross-sectional SE images of untreated Ti-6Al-4V disks after
sliding against cast iron pins at 50 N at (a) 25 °C, (b) 350 °C and (c) 550 °C. SD is short
for sliding direction.
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Figure 3.12 The changes in equivalent plastic strain along with depth from top surface
for (a) untreated Ti-6Al-4V and (b) TO-Ti-6Al-4V disks after sliding against cast iron
pins at 50 N at 25 °C, 350 °C and 550 °C.
3.4 Summary and conclusions
The main conclusions arising from the current work can be summarized as
follows:
(1) Reduced volumetric sliding wear losses were achieved on TO-Ti-6Al-4V
(thermally oxidized at 600 °C for 60 h) compared with untreated Ti-6Al-4V at test
temperatures of 25 °C, 350 °C and 550 °C. The lowest wear loss was observed at 550 °C
which was attributed to the retention of both the surface TiO2 layer and the oxygen
diffusion zone that remained intact.
(2) The hard TiO2 layer prevented generation of large plastic strains in the oxygen
diffusion zone and in the base Ti-6Al-4V alloy and hence restricted wear losses at 550
°C. Once the exfoliation of TiO2 layer occurred, the oxygen diffusion zone acted as a
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secondary barrier to diminish the extent of subsurface strains and hence reduced the
intensity of wear that occurred in the untreated Ti-6Al-4V.
(3) According to the high temperature impact tests performed on TO-Ti-6Al-4V,
increasing test temperature was beneficial in maintaining robust surface TiO2 layer and
oxygen diffusion zone, as the propensity of crack growth was suppressed.
This work has shown that application of thermal oxidation increased the high
temperature wear resistance of Ti-6Al-4V alloys, thus these thermally oxidized alloys
could potentially become lightweight alternatives for engine valves made of stainless
steels. However, due to the gap between laboratory-scale tests and actual engine
operations, further studies of cyclic impacts with high contact pressure on TO-Ti-6Al-4V
simulating the engine valve operation condition will be useful.
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CHAPTER 4
Role of An Oxygen Atmosphere in High Temperature Sliding Behaviour of W
Containing Diamond-Like Carbon (W-DLC)
4.1 Introduction
Diamond-like carbon (DLC) coatings constitute a new class of tribological
coatings to be used in sheet metal forming dies, machining tools due to their low friction
and low wear rates, especially against aluminum [1-6], magnesium [7], titanium alloys
[8] as well as steels [9, 10]. DLC coatings have also found applications as piston ring
coatings in internal combustion engines [11]. However, DLC coatings especially the
grades with sp2 rich structures are not thermally stable and their tribological properties
rapidly deteriorate at elevated temperatures [12-15]. The low coefficient of friction
(COF) values of hydrogenated DLC, typically with 25-40 at.%, (H-DLC) were
maintained up to a temperature of 200 °C and for non-hydrogenated DLC, with <2 at.%
H, (NH-DLC) only up to 100 °C [16, 17]. The published work in the literature suggests
that incorporating Cr [18], Si [19], Ti [20], F [21] and W [22] into DLC coatings would
provide low friction and wear under high temperature sliding conditions.
W, WC and WN additions were shown to be particularly beneficial for increasing
wear resistance and reducing the COF of DLC coatings [23-28, 32]. Voevodin et al. [23]
observed that the COF of coatings with nanocrystalline WC particles (5-10 nm)
embedded in a NH-DLC matrix showed a low COF of 0.30 when tested against steel in
an ambient air atmosphere (50% RH) at 25 °C. Raman analyses found evidence for the
formation of WO3, which was suggested to lead to a low COF. Polcar et al. [24] studied
the tribological behaviour of tungsten nitride (WN) coatings against Al2O3, and a low
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COF of 0.25 was observed between 25 °C and 300 °C. The formation of a WO 3 layer at
the sliding interface as detected by energy-dispersive X-ray spectroscopy (EDX) was
responsible for the observed low COF. Guilemany et al. [25] studied the sliding wear
behaviour of thermal sprayed WC-12% Co coatings against Al2O3. W converted to WO3
during sliding processes and this transformation played an important role in friction
reduction, as a low COF of 0.32 was recorded at 25 °C. Similarly, Fervel et al. [26]
studied thermal sprayed WC-17% Co tested against Al2O3 (with 13-40% TiO2) and
recorded a COF of 0.20 at 25 °C. They observed formation of a WO3 layer using X-ray
photoelectron spectroscopy (XPS). Lugscheider et al. [27] studied the friction behaviour
of WO3 coatings deposited by magnetron sputtering ion plating PVD process, using a
tungsten target and oxygen as a reactive gas, against steel and found a low COF of 0.20 at
25 °C. Greenwood et al. [28] studied the tribological behaviour of WO3 thin films (200
nm) against sapphire and stainless steel at 25 °C. WO3 films exhibited low friction of
0.16 and 0.15 against sapphire and steel counterfaces, respectively.
The crystallographic structure of WO3 is characterized by a number of
polymorphs and temperature dependent structural transformations. Ramana et al. [29]
investigated the phase transitions of WO3 thin films by examining selected area electron
diffraction (SAED) patterns. It was found that monoclinic structure (γ-WO3) was stable
during annealing up to ~300 °C, and it converted to orthorhombic β-WO3 at 350 °C,
while the transition to hexagonal WO3 occurred when temperature reached 500 °C.
Substoichiometric structures of WxO3x-1 and WxO3x-2 known as Magneli phases [30] were
also suggested to form during the sliding process and reduce friction [28, 31].
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Banerji et al. [32] studied the high temperature tribological behaviour of W-DLC
coatings against a titanium alloy (Ti-6Al-4V). W-DLC coating exhibited low and stable
COF values of 0.11-0.12 at 25 °C. At 100 °C, W-DLC had a COF of 0.06, which
increased to 0.46 at 200 °C and to 0.54 at 300 °C due to the significant titanium adhesion
to the W-DLC surface. However, at 400 °C W-DLC’s COF decreased to 0.07, and a low
COF of 0.08 persisted at temperatures as high as 500 °C. Raman spectroscopy indicated
that at 500 °C the transfer layers consisted mainly of WO3 that initially formed on WDLC’s surface. Tribological behaviour of W-DLC was also studied against an A319 Al
counterface as a function of testing temperatures up to 500 °C using pin-on-disk
configuration [33]. W-DLC showed a low COF of 0.20 at 25 °C, whereas between 100
°C and 300 °C, a high COF of 0.60 was recorded because of the aluminum transfer to the
coating surface. At 400 °C the COF decreased to 0.18, and the reduction in the COF
continued with increasing the temperature to 500 °C (0.12). The high COF at 100 °C to
300 °C against Ti and Al is an impediment for the use of W-DLC coatings for machining
tools and warm forming dies.
This study is aimed at developing a methodology to reduce the COF of the
coating and minimize aluminum adhesion at the intermediate temperature range of 100
°C to 300 °C. For this purpose, tribological tests on W-DLC were conducted at testing
temperatures up to 500 °C in a dry oxygen atmosphere which was introduced with the
purpose of promoting WO3 formation on the sliding surface.
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4.2 Experimental
4.2.1 Coating and counterface material properties
W-DLC coatings were deposited on M2 grade tool steel coupons having a
diameter of 25.4 mm using an unbalanced magnetron sputtering physical vapour
deposition (UBM PVD) system. The M2 steel surfaces were cleaned by Ar glow
discharge, and then a Cr layer was deposited to promote adhesion of the DLC to the
substrate. The substrate temperature was maintained below 300 °C during the deposition
process. The hardness and elastic modulus of the coating were measured using a Hysitron
TI 900 Triboindenter equipped with a Berkovich nano-indenter. Accordingly, the
hardness of the W-DLC coating was 8.7±1.7 GPa, and its elastic modulus was
104.3±18.8 GPa. The W content of the coating was 20 at.%. The H concentration was <2
at.% measured by elastic recoil detection (ERD). The cross-sectional backscattered SEM
image of W-DLC shown in Figure 4.1 indicates that the coating was 3 μm thick and had a
dense columnar morphology with an average width of ~0.30 μm for each column. The
high resolution TEM micrograph and the corresponding diffraction pattern shown in [32]
indicated the presence of nanocrystalline WC particles of 15.0±5.2 nm in diameter in an
amorphous carbon matrix. The counterface used for friction and wear tests was 15 mm
long A319 Al alloy pins with one end machined into a hemisphere of 4.05 mm in
diameter. A319 Al had the following composition (in wt.%): 5.5-6.5% Si, 3.0-4.0% Cu,
1.0% Fe, 0.10% Mg, 0.5 Mn, 0.35% Ni, 1.0% Zn, 0.25% Ti and the balance Al.
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Figure 4.1 Cross-sectional micrograph of W-DLC: (a) FIB/backscattered SEM image
showing the W-DLC and the Cr interlayer deposited on M2 steel substrate; EDS maps of
(b) C and (c) W.
4.2.2 Pin-on-disk tests and wear rate calculations
A high temperature pin-on-disk tribometer was used to measure the COF and the
volumetric wear of W-DLC coating at 0.12 m/s and a normal load of 5.00 N for 2000
revolutions. Sliding tests were carried out at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C and
500 °C. The test chamber was filled with dry oxygen gas during the tests and excess
moisture was removed from the test chamber. A low relative humidity level 3.9% RH
was maintained and monitored using a hygrometer during the tests conducted at 25 °C.
Three sliding tests were performed at each test temperature and a new counterface was
used for each test. Each friction curve was characterized by the value of COF during the
running in stage and also by the value of COF in the steady state stage, which was
calculated from the arithmetic mean of the COF signals, typically after 1.00×103
revolutions. It is noted that a steady state was always reached when the oxygen
atmosphere was used. The mean of the steady state values obtained from three tests
conducted under a specific test temperature and their standard deviations were reported.
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The wear of the W-DLC was calculated from the volume of the material removed,
which was measured from the cross-sectional area of the wear track at four different
locations along a circular sliding track of radius 1.5 mm. A white light interferometry
technique - a Wyko NT 1100 optical surface profilometer - was used for this purpose in a
way similar to that described in [34, 35]. When material transfer (from A319 Al)
occurred to the coating surface the adhered material was removed using a 10% NaOH
solution prior to conducting the surface profilometry on the sliding track. The reported
volumetric wear rates were the mean values (and the corresponding standard deviations)
obtained from three tests run for 2000 revolutions at each temperature.
4.2.3 Surface and subsurface characterization methods
The wear tracks generated on W-DLC and the transfer layers that were formed on
the A319 Al counterface surfaces during the sliding contact were examined using a FEI
Quanta 200 FEG scanning electron microscope (SEM) and an energy dispersive
spectroscope (EDS) equipped with a SiLi detector. EDS maps were generated to
determine the areal distributions of the elements, W and C transferred to the counterface
from the W-DLC. The Raman spectra of the coatings and transfer layers were obtained
using a 50 mW Nd-YAG solid state laser (532.0 nm excitation line) through the 50×
objective lens of a Horiba Raman micro-spectrometer.
The samples for transmission electron microscopy (TEM) investigations were
prepared using a focused ion beam (FIB) lift out technique and by milling them using a
Ga+ ion source sputtered at 30 kV in a Carl Zeiss NVision 40 dual beam work station.
Prior to the ion milling process, the surfaces were protected by sputtering them with a
layer of carbon. The cross-sectional samples were ion-milled from both sides to a
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thickness of about 100 nm. The final milling of the samples was conducted at a low beam
current of 40 pA to minimize the beam damage on the cross-sections. TEM observations
were performed using FEI Titan 80-300 HB-TEM, with a lateral resolution <1Å, operated
at 300 kV.
4.3 Results and discussion
4.3.1 Changes in coefficient of friction of W-DLC with temperature in oxygen atmosphere
Typical curves that show variations of COF of W-DLC with the number of
revolutions for the tests conducted in an oxygen atmosphere at 25, 100, 200, 300, 400 and
500 °C are given in Figure 4.2. According to the curve shown in Figure 4.2 (a), at 25 °C,
the running in COF (μR) of W-DLC was 0.36. After sliding for about 70 revolutions, a
low and stable COF of μS=0.11 (<0.01) was attained (where the number in the
parenthesis shows the magnitude of fluctuations). This steady state behaviour was
maintained for the rest of the test (Figure 4.2a). The running in COF (μR) increased when
the tests were conducted at 100 °C (to 0.57 for the test shown in Figure 4.2a). After 70
cycles a low μS of 0.11 (<0.01) was recorded (Figure 4.2a) similar to that observed at 25
°C. The running in COF further increased (to 0.68) at 200 °C, and again, a low μ S of 0.12
(<0.01) was attained after 100 cycles. At 300 °C (Figure 4.2b), the COF during the
running in period continued to increase to 0.64. The ensuing steady state COF was still
low at 0.09 (<0.01), which remained constant throughout the final 1800 cycles. At 400
°C, μR increased to 0.81 initially and then COF decreased to 0.12 (0.02) after 1000
cycles. The COF curve of W-DLC obtained at 500 °C was similar to that at 400 °C and
had a low μS of 0.15 (0.02).
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Figure 4.2 Variation of COF with number of revolutions when W-DLC coating sliding
against A319 Al in an oxygen atmosphere at (a) 25 °C, 100 °C and 200 °C; (b) 300 °C,
400 °C and 500 °C.
The average (μS) values of three tests conducted at each temperature in an oxygen
atmosphere (including the ones shown in Figure 4.2) are plotted as a function of test
temperature in Figure 4.3. This figure also shows average COF values of W-DLC
obtained from tests conducted in air [33] for comparison. The COF values of W-DLC
when tested in air were high at the intermediate temperatures between 100 °C and 300 °C
characterized by COF values of 0.60 ± 0.10, 0.60 ± 0.11, and 0.60 ± 0.12 [33] and the
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friction behaviour in this temperature range did not display a steady state behaviour.
Clearly when tested in an oxygen atmosphere the COF values of W-DLC remained low
and showed a steady state behaviour within the range of 25 °C and 500 °C.

Figure 4.3 Variation of average steady state COF (μS) with test temperature for W-DLC
coating sliding against A319 Al in an oxygen atmosphere. These μS values are the
average of three tests at each temperature. The friction data of W-DLC tested in an air
atmosphere are reproduced from [33] for comparison.
4.3.2 Changes in wear rate of W-DLC with temperature in oxygen atmosphere
The average wear rates of W-DLC coatings obtained from three samples tested in
an oxygen atmosphere at each temperature are shown in Figure 4.4. At 25 °C the
normalized wear rate was 0.35×10−5 mm3/Nm. In the temperature range of 100 to 400 °C
the wear rates gradually increased and reached 1.04×10−5 mm3/Nm at 100 °C, 1.65×10−5
mm3/Nm at 200 °C, 2.96×10−5 mm3/Nm at 300 °C and 3.56×10−5 mm3/Nm at 400 °C. A
slightly higher wear rate of 3.64×10−5 mm3/Nm was observed at 500 °C.
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The wear rates were higher when W-DLC was tested in an air atmosphere within
the temperature range of 100 °C and 400 °C. The wear rates were 8.18×10-5 mm3/Nm at
100 °C, 7.14×10−5 mm3/Nm at 200 °C, 6.58×10−5 mm3/Nm at 300 °C and 5.52×10−5
mm3/Nm at 400 °C [33].

Figure 4.4 Variation of average wear rate with test temperature for W-DLC coating
sliding against A319 Al in an oxygen atmosphere. These values are obtained from three
samples tested for 2000 revolutions at each temperature. The wear rates of W-DLC tested
in an air atmosphere are reproduced from [33] for comparison.
The COF values plotted against the wear rates of W-DLC at different
temperatures tested in oxygen and air atmospheres are summarized in Figure 4.5. Clearly,
the introduction of oxygen atmosphere reduced COF and wear rates of W-DLC coatings
and resulted in stable values of COF within the whole temperature range between 25 °C
and 500 °C. The region at the lower-left corner featured the conditions (load,
temperature, environment) under which W-DLC exhibited low friction (<0.3) and low
wear (<6×10−5 mm3/Nm). This region could thus be considered as favourable
performance window for W-DLC coatings for applications such as in machining tools
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and warm forming dies. The other region at the top-right corner of Figure 4.5 is
characterized by high friction (>0.5) combining with high wear (>6.5×10−5 mm3/Nm).

Figure 4.5 Average steady state coefficient of friction plotted against average normalized
wear rate of W-DLC coating sliding against A319 Al in oxygen and air atmospheres. The
region at the lower-left corner featured the conditions under which W-DLC exhibited low
friction and low wear, thus could be considered as favourable performance window for
W-DLC coatings.
4.3.3 Characterization of wear tracks and transfer layers
Optical surface profilometry measurements performed on the W-DLC wear tracks
(Figures 4.6a-d) determined that the wear scar depth was 0.18 μm at 25 °C and 0.41 μm
at 300 °C. A maximum wear depth of 0.71 µm was observed at 500 °C, indicating that
the largest depth of wear scar was smaller than the coating thickness at all test
temperatures.
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Figure 4.6 Typical 3-D surface profiles with 2-D line scans of wear tracks formed on WDLC coated disk sliding against A319 Al pin in oxygen atmosphere at (a) 25 °C, (b) 300
°C, (c) 400 °C and (d) 500 °C.
The wear tracks formed on the surfaces of W-DLC coatings surfaces were
examined using SEM and the representative secondary electron images (SEIs) are shown
in Figures 4.7 (a)-(d). A common observation made was that no significant material
transfer from A319 Al to W-DLC occurred on any of the wear tracks of the samples
tested in the temperature range between 25 °C and 500 °C. The wear tracks formed at 25
°C (Figure 4.7a), 300 °C (Figure 4.7b), 400 °C (Figure 4.7c) and 500 °C (Figure 4.7d)
were free of transferred material albeit some aluminum debris could be found along the
edges of the wear tracks as marked on these images.
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Figure 4.7 Typical secondary electron images of wear tracks on W-DLC coated disk
sliding against A319 Al pin in an oxygen atmosphere at (a) 25 °C, (b) 300 °C, (c) 400 °C,
and (d) 500 °C.
SEM/EDS examinations showed that the contact surfaces of A319 Al counterface
were covered with the carbon transferred from W-DLC, and W was also found in these
layers at all testing temperatures between 25 °C and 500 °C. A representative SE image
of the transfer layer formed on the A319 Al pin during the test conducted at 300 °C is
shown in Figure 4.8 (a). The corresponding EDS elemental maps are for C, O and W
(Figures 4.8b-d). Formation of carbonaceous layers on the counterface is a common
feature of DLC coatings subjected to sliding. The oxygen found in the transfer layer
(Figure 4.8c) could be due to the oxidation of C or/and W. A SE image of the transfer
layer formed on A319 Al pin during the test conducted at 500 °C is shown in Figure 4.8
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(e). The corresponding EDS elemental maps are for C, O and W (Figures 4.8f-h). The
presence of W and O combination would imply the possibility of WO3 formation on the
contact surface, which is in fact verified by micro-Raman spectroscopy as described in
Section 4.3.4. In contrast, the tests conducted in the air atmosphere did not lead to the
formation of transfer layer on the counterface at the intermediate temperatures between
100 °C and 300 °C.

Figure 4.8 (a) Secondary electron image of A319 Al pin after sliding against W-DLC
coated disk in an oxygen atmosphere at 300 °C. The elemental EDS maps taken from the
whole area shown in (a) are for (b) C, (c) O and (d) W. (e) Secondary electron image of
A319 Al pin after sliding against W-DLC coated disk in oxygen atmosphere at 500 °C.
The elemental EDS maps taken from the whole area shown in (e) are for (f) C, (g) O and
(h) W.
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4.3.4 Raman evidence for WO3 formation and other sliding induced structural changes
The micro-Raman spectra obtained from the wear tracks of W-DLC are shown in
Figure 4.9. Deconvolution of the Raman spectra using Gaussian functions indicated that
two peaks centered at 1353 and 1555 cm-1 were formed and may be assigned as the D and
G bands of carbon, respectively [36-38]. The Raman spectra taken from the wear tracks
that were generated on the W-DLC surface showed peak shifts. The appearance of Dband peak in the Raman spectra of the worn surfaces (Figure 4.9) indicated an increase in
sp2 bonds. The intensity ratio of ID/IG increased to 0.79 at 25 °C, 0.94 at 200 °C and 0.99
at 500 °C compared to the unworn W-DLC (0.67). This change in the bonding structure
of the amorphous coating maybe attributed to the sliding induced graphitization [39-42]
of surface layers of DLC. It should be noted that at 25 °C, WO3 peaks were not detected
on the wear track. The first set of WO3 peaks emerged at 100 °C at 702, 806, 886 cm-1
and their intensities appeared to increase with the increase in temperature. The peaks
generated at 257, 324, 702, and 806 cm-1 in Raman spectra correspond to the monoclinic
γ-WO3 [43-45].
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Figure 4.9 Micro-Raman spectra of wear tracks formed on W-DLC coated disk sliding
against A319 Al pin in oxygen atmosphere at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C and
500 °C. The unworn W-DLC coating is given for comparison.
The carbonaceous transfer layers formed on the contact surfaces of A319 Al at
100 °C-500 °C were rich in tungsten and oxygen according to EDS, implying the
formation of an oxide phase. The Raman spectra obtained from the transfer layers formed
on A319 Al after sliding against W-DLC in an oxygen atmosphere at different
temperatures are presented in Figure 4.10. This figure indicates that the transfer layers
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formed between 100 °C and 500 °C incorporated a monoclinic γ-WO3 phase, which is
evidenced by the peaks generated at 257, 324, 702, and 806 cm-1 [43-45]. The intensity of
WO3 increased by 750% (at 806 cm-1) with the temperature increasing from 100 °C to
500 °C, similar to that on the worn surface of W-DLC. As stated before, the transfer
layers primarily consisted of carbon transferred from the W-DLC coating, as indicated by
D and G peaks at 1354 cm-1 and 1586 cm-1. The prominent D and G peaks were observed
at temperatures >100 °C.

Figure 4.10 Micro-Raman spectra of transfer layers formed on A319 Al pin sliding
against W-DLC coated disk in oxygen atmosphere at 25 °C, 100 °C, 200 °C, 300 °C, 400
°C and 500 °C. The unworn W-DLC coating is given for comparison.
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4.3.5 Cross-sectional TEM of transfer layers
Figure 4.11 (a) is a cross-sectional TEM image showing the transfer layer that
was formed on the surface of counterface as a result of sliding against W-DLC in an
oxygen atmosphere at 500 °C. Figure 4.11 (b) revealed that a banded structure existed in
the transfer layer consisting of both crystalline (as indicated by [A]) and amorphous ([B])
regions. A high resolution TEM (HR-TEM) image of the region marked as [A] in Figure
4.11 (b) is shown in Figure 4.11 (c) and indicates that the crystalline region had a lattice
spacing of 0.31 nm. This corresponds to (111) planes of monoclinic γ-WO3, according to
the FFT-derived diffraction pattern obtained from this region. The region marked as [B]
of the transfer layer had amorphous structure as indicated by the diffuse halo shown in
the FFT-derived diffraction pattern in the inset (Figure 4.11c) and possibly consisted of
carbon according to the EDS and Raman results.
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Figure 4.11 (a) Cross-sectional bright field TEM image of the transfer layer formed on
A319 Al pin after sliding against W-DLC coated disk. (b) High magnification bright field
TEM image of the area within the dotted box in (a). (c) HR-TEM image of the region [A]
and [B] in (b). The selected area diffraction pattern taken from lower crystalline region
indicating WO3 (shown in the inset) and upper region indicating amorphous carbon
derived from DLC coating (shown in the inset).
4.3.6 Concluding remarks
For the tests conducted in the temperature range between 100 °C and 300 °C, the
COF values of W-DLC tested in an oxygen atmosphere remained almost the same as the
low COF at 25 °C, while those of W-DLC in air atmosphere continued to increase

122

(Figure 4.3). At 400 °C-500 °C W-DLC exhibited low COF values and experienced low
volumetric wear losses (Figure 4.4) regardless of the testing environment used.
The high temperature tribological stability of W-DLC coatings is technologically
important and may expand the use of these coatings to new applications such as the
machining and warm forming of Ti and Al alloys as well as the engine components in
valvetrain system. It is already evident in literature that thermally assisted machining
conducted by heating the W-DLC coated cutting tools reduced the cutting torques and
thrust forces during drilling of Ti-6Al-4V [8]. It should be noted that this method could
potentially eliminate the use of coolants, which would be a significant advantage from an
economical viewpoint. Oxygen gas flow assisted machining processes have already
shown to be efficient in the dry machining of steel and cemented carbide [46, 47]. During
thermally assisted machining of Al and Ti, the injection of oxygen would help to form a
WO3 layer on the W-DLC tools surface at lower temperature ranges. For internal
combustion engines, the potential application of W-DLC coatings could be the exhaust
valve seat inserts that typically operate in the temperature range of 400-500 °C [48].
Thus, this work shows the importance of γ-WO3 rich transfer layer formation
during sliding of W-DLC coatings in reducing friction and for broadening the
technological applications of W-DLC coatings. The feasibility of applying W-DLC
coated tools in an oxygen rich atmosphere in thermally activated machining and W-DLC
coated exhaust valve seat inserts in internal combustion engines should be further
examined.
4.4. Summary and conclusions
The main conclusions arising from this work can be summarized as follows:
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(1) The sliding of W-DLC against A319 Al alloy in an oxygen atmosphere at 25
°C provided both a low COF and a low wear rate, which were attributed to the formation
of a carbon rich transfer layer on the counterface.
(2) At the temperature range of 100 °C to 500 °C, very low COF (0.09-0.15)
values were recorded in an oxygen atmosphere with minimum aluminum adhesion to the
W-DLC coating surface.
(3) The low magnitudes of COFs and wear rates were derived from the formation
of a γ-WO3 layer on the W-DLC surface as confirmed by Raman spectroscopy and TEM
observations.
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CHAPTER 5
Dry and Lubricated Friction Behaviour of Thermal Spray Low Carbon Steel
Coatings: Effect of Oxidational Wear
5.1 Introduction
Protecting the surfaces of engine blocks made of Al-Si alloys with ferrous thermal
spray steel coatings is an emerging tribological technique that can be used to substitute
for the traditional role of cast iron (CI) cylinder liners [1, 2]. Thus, the development of
thermal spray coatings using plasma transferred wire arc (PTWA) or high velocity
oxygen fuel (HVOF) techniques [3] with low friction and wear is an important factor for
the automotive lightweighting strategy [4]. PTWA deposited coatings from an AISI 1010,
1020 grades or similar low carbon containing steel wire exhibit a characteristic lamellar
structure consisting of ferrite splats delineated by oxide (FeO) layers [5].
The surface of the engine bores should be resistant to sliding wear and scuffing
under the unlubricated conditions that may arise during cold start or initial running-in
periods [6]. Thus, it is common to study the current and future engine bore materials
under dry sliding contact and to examine the effects of counterface materials [7], surface
textures [8] and the role of coatings, including thermal spray coatings [9] on the sliding
friction and wear behaviour of powertrain components. The wear resistance of thermal
spray steel coatings depends on the deformation behaviour of the splats [10, 11], the
fracture behaviour of the oxide layers adjacent to contact surfaces [12], and also the
formation of oxide containing tribolayers [13, 14]. Laboratory tests were conducted to
study the wear behaviour of PTWA low carbon steel coatings with variations of test
atmosphere, applied load and sliding speed. Dry sliding performance of PTWA 1020
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steel coated A319 Al alloy against a M2 grade high speed tool steel under atmospheres
with different relative humidity (RH) levels was investigated [15] and it was found that
the formation of hydrated iron oxides at the contact surfaces occurred at high RH and
contributed to a low wear rate as well as a low coefficient of friction (COF). The role of
surface oxides in dry sliding of PTWA 1020 coatings against a M2 steel was studied by
constructing a wear map within a load range of 5-75 N and a sliding speed range of 0.22.5 m/s [16]. At low speeds (≤1 m/s) and low loads (≤20 N) the oxidational wear that
progressed by the formation of Fe2O3 was the dominant mechanism. At low speeds (≤1
m/s) and high loads (≥20 N), fracture of severely deformed ferrite splats adjacent to the
contact surfaces was identified as the primary wear mechanism, which resulted in high
wear rates. Oxidational wear mechanisms were also observed at high speeds but with
different characteristics of wear debris consisting of a mixture of FeO, Fe 2O3 and Fe3O4.
Different types of iron oxides generated within the sliding contact surfaces may give rise
to different wear properties. During fretting wear, a change of surface oxide composition
from Fe2O3 to Fe3O4 was detected using X-ray microanalysis, and a reduced wear loss
was observed when Fe3O4 became the dominant constituent of the tribolayers [17]. It was
generally suggested [18-20] that Fe3O4 could act as protective layers with strong adhesion
to the sliding surface, whereas Fe2O3 layers may be removed from the surface more
readily and the resulting debris particles may cause abrasive wear. Conversion of iron
oxide phases on the PTWA 1010 steel coated Al-Si engine bore surfaces running against
CrN coated piston ring was investigated during the course of dry sliding tests using insitu Raman spectroscopy [21]. At a constant load of 5 N and an average sliding speed of
0.02 m/s, Fe3O4 formation occurred on the spray coating surface after sliding for 140
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cycles with an increase in COF up to about 0.40, and Fe2O3 was observed after 600
cycles with the COF stabilizing around 0.48.
For the tribological design of the cylinder bore-piston ring interface, the top
compression ring (TCR) of the piston ring package is considered to be among the most
critical components as the highest stress levels are reached near the top dead center
(TDC) of cylinder bore surface on the firing stroke cycle [22-24]. Severe wear (scuffing)
is normally observed to initiate at the reversal positions especially the TDC [25-27], as
boundary lubrication prevails and oil starvation occurs at this location [28, 29]. In a
highly loaded diesel engine with PTWA 1010 steel coated cylinder bore surfaces tested
for 56,700 km in an engine oil (10W40), a 50-100 nm thick tribolayer rich in C, O, and
Fe was observed at the TDC of the bore surface, indicating the formation of a mixture of
iron oxides and combustion residues [30, 31]. Zinc dialkyldithiophosphate (ZDDP) is a
common anti-wear agent used in the formulated engine oil. The formation of sulphide
and phosphate particles as a result of decomposition of ZDDP in the tribolayers typically
consisting of an amorphous carbon matrix has been reported [21, 32-34]. It was
suggested that the pressure-induced cross-linking of zinc phosphates could be responsible
for the functionality of these anti-wear tribolayers [35]. In the tribosystems involving
ferrous components, ZDDP may react with iron oxides (a mixture of Fe3O4 and FeO)
during the sliding process, and a reduced COF was observed as a result of the formation
of a multilayered tribofilm that contained Zn, Fe, S, P and O [36]. It has been reported
that iron oxides on steel surfaces could react with ZDDP decomposing products to form
iron salts such as iron phosphate and zinc/iron polyphosphates [36-38].
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From the above review, it becomes clear that the oxidational wear of thermal
spray coated bore surfaces and its effect on friction need to be further studied especially
under a lubrication condition. Accordingly, this work aims to delineate the compositions
of iron oxide phases generated during oxidational wear under a lubrication condition, and
elucidate how sliding wear affect COF. The relationships between oxidational wear,
surface roughness and COF were established by constructing the Stribeck curves that
show the changes in COF under the boundary and the mixed lubrication regimes.
Reciprocating tests were conducted with the variation of reciprocating frequency using
base oil (POE) with and without ZDDP addition as lubricants. Worn surfaces were
characterized by electron microscopy and spectroscopic methods to determine the
morphologies and compositions of the tribolayers generated during sliding.
5.2 Experimental
5.2.1 Thermal spray steel coatings: microstructure and honing patterns
The coatings were deposited using plasma transferred wire arc (PTWA) method
consisting of a rotating wire made of low carbon steel (0.3 wt.% C) on the inner walls of
the cylinder bores of engine blocks cast from A380 alloy (Al-9.0% Si). Prior to coating
deposition, the cylinder bore surfaces were machined to form a dovetail pattern to
provide mechanical interlocking between the thermal spray coatings and the bore
surfaces. The cross-sectional optical microstructure of the thermal spray coating on the
A380 bore surface is shown in Figure 5.1 (a). The thermal spray coatings had a thickness
of 235±5 μm excluding the dovetails. Honing patterns with peaks aligned parallel to each
other in the circumferential direction of the cylinder bores were generated on the thermal
spray coated surfaces using cubic boron nitride (CBN) honing tools. A secondary
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electron (SE) image of the honed surface of thermal spray steel coating is shown in
Figure 5.1 (b). This type of honing pattern was specifically designed and applied to the
surfaces of thermal spray coatings as it provided a suitable way for identifying the sliding
contact areas and observing the iron oxide transformations (and processes leading to
tribolayer formation).

Figure 5.1 (a) Optical image of the cross-section of thermal spray coated engine bore
along the longitudinal direction showing the dovetail shape interlocks between the
thermal spray coating and the A380 bore. (b) Secondary electron (SE) image of the top
surface of thermal spray coating showing honing patterns aligned parallel to each other in
the circumferential direction of the cylinder bore.
The oxide volume fraction of the coatings determined using scanning electron
microscopy (SEM) image analyses was 0.13±0.01, and the average thickness of ferrite
splats was determined as 10.7±3.2 μm. To investigate the subsurface microstructure of
the coatings, a cross-section taken from the valley of honing patterns along the
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circumferential direction of the cylinder bores (marked as AA’ in Figure 5.1b) was
prepared by focused ion beam (FIB) milling as described in Section 5.2.3. A dark-field
transmission electron microscopy (TEM) image of the microstructure of near top surface
of thermal spray coating shown in Figure 5.2 (a) determined that the oxide layers had a
thickness of ~34 nm. A high-resolution TEM (HR-TEM) image obtained from a location
adjacent to the iron oxide/-Fe interface marked as (b) in Figure 5.2 (a) is shown in
Figure 5.2 (b). Diffraction spots obtained by fast Fourier transform (FFT) identified a
FeO phase (Figure 5.2c) and an α-Fe phase (Figure 5.2d) on each side of the interface as
shown by a dotted line in Figure 5.2 (b). A severely deformed region up to a depth of 1
μm was noted immediately below the top surface, and was attributed to the honing
process. In this region, parallel bands of flattened -Fe grains with smaller grain widths
were observed. For example, at a depth of ~200 nm from the top surface, elongated
grains with a width of ~10 nm were formed, while in between the two FeO layers,
corresponding to a depth of ~1300 nm measured from the top surface, the grain widths
were ~60-70 nm. The surface hardness of thermal spray coating was determined using a
Vickers hardness tester at a load of 0.245 N as 450±50 HV. However, the refinement of
grains in the near surface region might contribute to an increase in surface hardness in the
severely deformed top surface [39].
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Figure 5.2 (a) Dark-field transmission electron microscopy (TEM) image of the crosssection of as-received thermal spray coating taken from the location marked as AA’ in
Figure 5.1 (b) showing differences in the grain widths and orientations near the top
surface of the coating. (b) High resolution (HR) TEM image of the region marked as (b)
in (a) showing the crystal structures of the coating’s constituents near the oxide/iron
interface with fast Fourier transform (FFT) derived diffraction patterns corresponding to
(c) FeO and (d) α-Fe.
5.2.2 Tribological tests
Dry and lubricated sliding tests were conducted using a Cameron-Plint (model TE
77) reciprocating tribometer, which is commonly used to carry out laboratory-scale
reciprocating sliding tests on liners and piston rings, often as the first step of tribological
investigations prior to engine tests [40-42]. In this study, Cameron-Plint tribometer was
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used to study friction and wear mechanisms of thermal spray coatings with a specific
focus to examine the formation of sliding-induced oxide phases that are in most cases
different than the initial FeO phase within the ferritic matrix of the coatings. Raman
spectrometry that was used simultaneously with the dry sliding tests was instrumental in
providing basic information on the formation sequence of sliding-induced oxides. This
information was proven to be valuable for understanding the effect of oxidational wear
on the COF values of the coatings and shed light on the more complex tribological
behaviour that occurred during lubricated sliding, both in terms of variation of the COF
values (with testing conditions and compositions of lubricants) and tribolayer formation
mechanisms under the boundary and mixed lubrication regimes (Section 5.3.2).
The counterfaces used were segments cut from CrN coated medium carbon steel
(0.58 wt.% C, 1.41 wt.% Si, 0.66 wt.% Mn) top compression ring (TCR) with an outer
diameter of 92.0 mm. The CrN ring coating had an average thickness of 25.8±0.5 μm.
The TCR segment had a thickness of 1.2 mm and a length of about 10 mm in contact
with the thermal spray coated bore sample as shown in Figure 5.3 (a). During the sliding
tests, the TCR segment was clamped to the ring holder, while the bore sample was fixed
in the sample holder placed inside the lubricant reservoir as shown in Figure 5.3 (b).
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Figure 5.3 Photographs showing (a) the contact condition of thermal spray coated bore
sample and CrN coated top compression ring (TCR) segment; (b) the bore sample holder
and the TCR segment holder used on Cameron-Plint (TE 77) tribometer.
The cylinder bore surfaces of internal combustion (IC) engines operate under
sliding contact with piston stroke lengths typically ranging from about 76 mm to more
than 100 mm [43]. In laboratory-scale reciprocating tests short stroke lengths could be
used to study basic friction and wear mechanisms of engine liners under specific
lubrication regimes, i.e. the boundary and mixed lubrication regimes [44, 45]. The
boundary lubrication regime would occur on the cylinder bore surfaces of IC engines
when low sliding speeds and/or high contact pressures are experienced, such as at the top
dead center (TDC) and the bottom dead center (BDC) of the bore surfaces [28, 29]. The
bore and liner surfaces operating in the boundary lubrication regime exhibit a high degree
of interfacial contact damage that would promote the formation of oxides especially when
the supply of lubricant additive is inadequate [46, 47]. The mixed lubrication regime, on
the other hand, is experienced when a thicker lubricant film begins to provide lower COF
on the bore locations immediately below the TDC and above the BDC [28]. A stroke
length of 15 mm was used on this Cameron-Plint tribometer to attain the boundary
lubrication and the mixed lubrication regimes by adjusting reciprocating frequency values
[48, 49]. A short stroke length permits reaching high reciprocating frequency values with
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low vibration. The same stroke length was used in dry and lubricated sliding tests. The
load, reciprocating frequency and test duration were selected for each set of tests
according to the specific goal of these tests as described in Sections 5.2.2.1 and 5.2.2.2.
5.2.2.1 Dry sliding tests
These tests were run at 25 °C for 900 cycles. During the tests in-situ Raman
spectroscopy observations were conducted on tribolayers and the COF was measured
simultaneously. A reciprocating frequency of 5 Hz corresponding to an average sliding
̅ ) of 0.15 m/s was used. A constant load of 20 N was selected to eliminate the
speed (V
occurrence of scuffing during the dry sliding tests, so that oxidational wear mechanisms
that operated in mild wear prevailed. Another set of tests was carried out on the samples
sectioned from ASM type D grey cast iron (CI) liners under the same loading conditions.
The CI liners had parallel honing patterns extending in the circumferential direction of
the cylinder liner similar to those generated on thermal spray steel coatings. The
experiments on CI liner samples were conducted for determining the role of initial oxide
(FeO) in the composition of thermal spray coatings on the tribolayers that formed during
dry sliding.
5.2.2.2 Lubricated sliding tests and construction of Stribeck curves
Lubricated sliding tests were conducted at different sliding speeds at 25 °C and
under a constant load of 100 N (8.3 MPa), as the peak pressure experienced by TCR is
around 10 MPa in a gasoline engine [29]. The reciprocating frequency was stepwise
̅ ) changing from 0.015 to
increased from 0.5 to 20 Hz to attain average sliding speeds (V
0.6 m/s. The purpose of stepwise increasing test speed was to construct the Stribeck
curves that show the changes in COF under the boundary lubrication and the mixed
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lubrication regimes. In-situ Raman spectroscopy observations were performed at a
̅ =0.15 m/s) to determine the evolution of
specific reciprocating frequency of 5 Hz (V
tribolayers.
Transitions between lubrication regimes may occur along the contact length of the
reciprocating stroke as a result of the variations in the instantaneous values of sliding
speeds. The maximum sliding speed (Vmax) would occur at mid-stroke where the value of
Vmax was obtained by calculating the first derivative of the displacement curve (plotted
against the test time) at the mid-stroke. To demarcate the type of lubrication regime that
prevailed at the mid-stroke, the COF values were plotted as a function of the ratio (λ) of
the minimum film thickness (hmin) to the composite surface roughness (S*) of contact
surfaces measured from 3D surface profiles, which could be calculated using the
following equations [50]:
hmin  1.79r 0.47 0.49 00.68Vmax
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In Equation (5.1a) r=0.046 m is the radius of TCR segment in contact with the
bore samples. The composite elastic modulus (E*) is calculated using Equation (5.1b)
considering the elastic modulus Ebore=162 GPa and Poisson’s ratio νbore=0.32 of the spray
coating and Ering=337 GPa and νring=0.20 of the CrN coated TCR. The lubricants used in
the sliding tests consisted of a base oil (Polyol ester, POE) with 1.4 wt.% ZDDP addition,
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and a base oil POE without ZDDP (or other additives). The viscosities for both types of
lubricants used, i.e., η0,
POE=0.256

POE+ZDDP=0.259

Pa·s for POE with 1.4 wt.% ZDDP and η0,

Pa·s for POE were measured under an atmospheric pressure at 25 °C using a

viscometer. The viscosity pressure coefficient (α) is calculated according to Equation
(5.1c). 200 μL of lubricant was applied to the surfaces of the bore samples prior to each
test, and the same quantity of oil was added to the surfaces at the beginning of each test
step during stepwise frequency increase tests. The surface roughness values before the
sliding tests, i.e., the Sa, bore=965.0 nm for the spray coating and Sa, ring=103.4 nm for the
CrN coating on the piston ring are used in Equation (5.2) to calculate the S*. Using the
calculated values of λ=hmin/S* the initial lubrication regimes were demarcated, as λ<1
indicated a boundary lubrication condition at the start of the tests and 1<λ<3 indicated a
mixed lubrication condition. The roughness measurements of sliding contact surfaces
were conducted at mid-stroke after each test step using an optical profilometer, such that
the dynamic changes of λ were captured. Using this procedure, the arithmetic mean of
COF values was plotted against λ, as will be described in detail in Section 5.3.2.
In-situ Raman spectroscopy observations were conducted with the sliding test at a
̅ =0.15 m/s). These tests were run for a test duration of
reciprocating frequency of 5 Hz (V
36,000 cycles at 100 N. The volumetric wear loss measurements from the spray coating
̅ =0.15 m/s were determined using optical
wear tracks after lubricated sliding tests at V
profilometry technique as described in [51].
5.2.3 Materials characterization
The changes that occurred in the compositions of oxide phase during sliding were
studied using a micro-Raman spectrometer (Horiba) equipped with a 50 mW Nd-YAG
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laser (532 nm excitation line) which was mounted on the reciprocating tribometer and the
×50 objective lens of the spectrometer was focused on the wear track. The tests were
briefly interrupted after sliding for a predetermined number of cycles to obtain the Raman
spectra from a given location of the wear track, and then immediately resumed without
changing the position of the sample mounted to the tribometer, such that the
compositional analyses were always obtained from the same location on a wear track
during the course of sliding tests.
The surface roughness values of thermal spray coatings before and after sliding
tests were measured using the white light vertical-scanning interferometry (VSI) mode of
the optical profilometer (Wyko NT-1100) with a vertical resolution of <1 nm [52], and
each reported value was the average of nine measurements. The specimen showing the
cross-sectional microstructure of the thermal spray coating on the A380 bore surface was
prepared by polishing and etching using a 2% Nital solution (ethanol + nitric acid) for 10
s, and was studied using a ZEISS Axio Vert. A1 microscope under a differential
interference contrast (DIC) mode. The details of the worn surface morphologies and
tribolayers that formed during sliding were studied using a FEI Quanta 200 FEG SEM
equipped with an energy-dispersive X-ray EDAX (SiLi Detector) spectrometer. SEM and
TEM studies were performed on the cross-sections prepared by a FIB (Carl Zeiss
NVision 40 CrossBeam) lift-out technique to observe the subsurface microstructures of
spray coatings before and after sliding tests. A gallium ion source operated at 30 kV was
used for milling. Prior to the ion beam milling process, the surfaces were protected by
sputtering them with a layer of carbon. The specimens were then ion beam milled to a
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thickness about 100 nm for TEM observations using a FEI Titan 80-300 HB-TEM
operated at 80 kV.
5.3 Results and discussion
5.3.1 Unlubricated sliding of thermal spray low carbon steel coatings
Figure 5.4 (a) is a typical friction curve that shows the variation of COF of
thermal spray coatings with the sliding cycles. For the first 20 cycles a COF of 0.18 was
observed, followed by an increase to 0.34 after running for 900 cycles. The FeO phase in
the as-received thermal spray coatings depicted in Figure 5.2 was characterized by a
single Raman peak at 664 cm-1 [53] as shown in Figure 5.4 (b). According to the in-situ
Raman observations, as the sliding tests progressed the compositions of sliding-induced
surface oxides changed from predominantly Fe3O4 at low cycles to mostly Fe2O3 at high
cycles. As shown in Figure 5.4 (b), after sliding for 20 cycles two new oxide phases were
formed on the peaks of honing patterns. Raman peaks at 301, 534 and 664 cm -1 indicated
the formation of the Fe3O4 phase [54]. Fe2O3 phase was identified by the peaks at 219,
290, 403, 495 599, and 1311 cm-1 [54], which was mixed with some Fe3O4. After running
for 900 cycles, the oxides formed on the peaks of honing patterns consisted of a mixture
of Fe2O3 and Fe3O4. Generation of Fe2O3 was accompanied with an increase in the COF
and once Fe2O3 became the dominant component of the surface layers the COF appeared
to stabilize at a value of ~0.34.
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Figure 5.4 (a) Variation of coefficient of friction (COF) with sliding contact cycles
during dry sliding test of thermal spray coated cylinder bore sample against CrN coated
TCR at a reciprocating frequency of 5 Hz (corresponding to an average sliding speed
̅ =0.15 m/s) and a constant load of 20 N. The Raman tests were done after sliding to the
V
number of cycles indicated on the COF curve (20 and 900 cycles). (b) Raman spectra
taken after 20 sliding cycles at two different locations on the peaks of honing patterns,
and after 900 sliding cycles on the peaks of honing patterns. The spectrum of as-received
thermal spray coating is given for comparison.
Another set of dry sliding tests was conducted on samples made of CI liners using
the same loading conditions and the typical friction curve, i.e., the variation of COF with
the sliding cycles is shown in Figure 5.5 (a). A COF of 0.13 was observed initially, which
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was increased to ~0.17 after running for 900 sliding cycles, similar to the variation of
COF of thermal spray steel coating samples (Figure 5.4a), but with the lower values
throughout the test. The representative Raman spectra taken from the peaks of honing
patterns of the CI sample after 20 and 900 sliding cycles are shown in Figure 5.5 (b). The
two prominent Raman peaks detected on the CI surface prior to the sliding tests, were the
ones at 1350 and 1580 cm-1 that corresponded to the D band and G band of graphitic
carbon, which might be responsible for the lower COF values of CI samples. The ID/IG
ratio that increased from 1.06 for an unworn sample to 1.13 after running for 20 sliding
cycles, and then to 1.43 after 900 sliding cycles could be attributed to the formation of
sliding-induced defects in graphitic carbon [55]. After sliding for 20 cycles, in some
locations the tribolayers formed on the crests of the honed surfaces consisted of Fe3O4
phase; while in other locations tribolayers consisted of a mixture of Fe 2O3 and Fe3O4
phases. As such both the sliding-induced oxidation of α-Fe and the transformation of FeO
could be responsible for the formation of Fe3O4 and Fe2O3 rich tribolayers.
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Figure 5.5 (a) Variation of COF with sliding contact cycles during dry sliding test of
grey cast iron (CI) cylinder liner sample against CrN coated TCR at a reciprocating
̅ =0.15 m/s) and a constant load of 20 N. The Raman tests were done
frequency of 5 Hz (V
after sliding to the number of cycles indicated on the COF curve (20 and 900 cycles). (b)
Raman spectra taken after 20 sliding cycles at two different locations on the peaks of
honing patterns, and after 900 sliding cycles on the peaks of honing patterns. The
spectrum of unworn CI is given for comparison.
It was shown that the oxide growth rate on steel surfaces under sliding conditions
may follow an Arrhenius-type behaviour [50]:
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k p  A exp 

 RT 

(5.3)

where kp is the parabolic rate constant for the oxide growth, R is the gas constant,
T is the absolute temperature, Q is the activation energy for oxidation and A is the preexponential factor. During the sliding process both the rise in flash temperature (T) [56]
and the increase (by ten orders of magnitude) in pre-exponential factor (A) [57] could
have contributed to the oxidation of α-Fe on the coating surface during the first 20
reciprocating cycles. In addition, FeO is a high temperature oxide phase which is stable at
temperatures above 570 °C (for oxygen concentrations <25 wt.%) according to the
equilibrium Fe-O phase diagram [58, 59], thus the phase transformation of FeO to other
types of iron oxides could have occurred when thermal spray steel coatings were
subjected to sliding contacts.
The worn surface morphology of the thermal spray steel coating subjected to dry
sliding test for 900 cycles is shown in the backscattered electron (BSE) image of Figure
5.6 (a). Most of the oxide debris were removed from the peaks of honed surface and
swept into the valleys. A FIB/SEM cross-section taken from the peak of honing patterns
(marked as (c) in Figure 5.6b) after removing the oxide debris by hexane revealed the
worn subsurface microstructure. As shown in Figure 5.6 (c) one of the splats adjacent to
the contact surface was removed during sliding and a Fe2O3 rich tribolayer with variable
thickness reaching a maximum of ~750 nm, but flush with contact surface, was formed in
its location. Subsurface cracks were generated along the FeO layer/Fe splat interfaces in
the near surface region. Thus sliding wear in this highly deformed region proceeded by
the simultaneous operation of mechanical and oxidational wear mechanisms.
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Figure 5.6 (a) Backscattered electron (BSE) image of unwashed worn surface of thermal
spray coated cylinder bore sample sliding against CrN coated TCR after 900 cycles under
dry sliding condition. (b) SE image of worn surface of thermal spray coating after
washing by hexane. (c) BSE image of the cross-section prepared by FIB milling at the
position marked as (c) in (b) showing the worn subsurface microstructure.
5.3.2 Lubricated sliding of thermal spray low carbon steel coatings
The variations of COF values of thermal spray coatings with the time during each
stepwise increase of reciprocating frequency are shown in Figure 5.7 for lubricated tests
that used POE with and without ZDDP. For both types of lubricants used, the COF values
exhibited a decrease with increasing the reciprocating frequency (test speed), and at each
test step the friction curves were characterized by a running-in COF (μR), followed by a
̅ in the form
steady-state COF (μS). The average μS values were plotted as a function of V
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of Stribeck-type curves as shown in Figure 5.8. Compared with the tests using ZDDP
containing oil, the tests conducted using POE without ZDDP showed lower μS values at
̅ =0.3-0.6
all test speeds, and the differences in μS became more distinct at high speeds (V
m/s).

Figure 5.7 Variations of COF with reciprocating frequency stepwise increasing from 0.5
̅ changing from 0.015 to 0.6 m/s for thermal spray coated
to 20 Hz corresponding to V
cylinder bore sample sliding against CrN coated TCR at 100 N and 25 °C lubricated by
POE+1.4 wt.% ZDDP and by POE without additives.
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̅ ) for
Figure 5.8 Average steady-state COF (μS) plotted against average sliding speed (V
thermal spray coated cylinder bore sample sliding against CrN coated TCR with
reciprocating frequency stepwise increasing from 0.5 to 20 Hz at a constant load of 100 N
lubricated by POE+1.4 wt.% ZDDP (■) and by POE without additives (●).
Typical variations in the friction forces (along with the variations of sliding
speeds) obtained after reaching a steady-state friction period for the tests performed at 0.5
Hz and 20 Hz are shown in Figures 5.9 (a)-(b) for two consecutive reciprocating cycles.
The tests conducted using POE without ZDDP addition generated lower friction forces
compared with the sliding tests performed using POE+1.4 wt.% ZDDP both at low and
high frequency tests. The difference in friction forces generated when the lubricant with
ZDDP and without ZDDP was used was more distinct when the tests were conducted at
high frequency (20 Hz), which is consistent with the observations made in Figure 5.8.
The COF values as well as the instantaneous sliding speeds at mid-stroke were calculated
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for each test step and the results are shown in Figure 5.10. Initially the rate of decrease in
the mid-stroke COF with increasing the test speed was high for the boundary lubrication
regime, and this was followed by a lower slope when the mixed lubrication regime was
attained. The demarcation between these two regimes are examined later in this section.

Figure 5.9 Variations of friction forces and sliding speeds in two consecutive
reciprocating cycles in the steady-state friction period during stepwise friction tests at a
̅ =0.015 m/s) and (b) 20 Hz (V
̅ =0.6 m/s) for
reciprocating frequency of (a) 0.5 Hz (V
thermal spray coated cylinder bore sample sliding against CrN coated TCR at 100 N and
25 °C using POE+1.4 wt.% ZDDP and POE without additives.
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Figure 5.10 Mid-stroke COF in the steady-state friction period plotted against the
maximum sliding speed (Vmax) measured at mid-stroke for thermal spray coated cylinder
bore sample sliding against CrN coated TCR with reciprocating frequency stepwise
increasing from 0.5 to 20 Hz at a constant load of 100 N lubricated by POE+1.4 wt.%
ZDDP (■) and by POE without additives (●).
The differences between the friction behaviour of thermal spray coatings using
lubricants with and without ZDDP could be discussed by considering the differences in
the compositions of the tribolayers formed on the thermal spray coated surfaces. The
tribolayers formed during lubricated sliding differed from the ones formed during dry
sliding as expected since they incorporated oxidation products mixed with decomposed
oil molecules (and ZDDP compounds). The compositions and morphologies of the
tribolayers were studied under the loading conditions corresponding to the boundary
lubrication regime where the interfacial contact is supposed to be more prominent than
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the other lubrication regimes. Accordingly, in-situ Raman spectroscopy was used to
examine the compositions of the tribolayers during lubricated sliding tests conducted at a
̅ =0.15 m/s). The variations of COF of the thermal
reciprocating frequency of 5 Hz (V
spray coatings with the number of sliding cycles at this test speed are shown in Figure
5.11 (a). For the lubricated tests conducted using POE with 1.4 wt.% ZDDP, an average
μS of 0.100 (0.001) was attained (where the number in the parenthesis shows the
magnitude of fluctuations) following the running-in stage (tR) that lasted for 5,000 cycles.
The FeO phase was the only oxide phase detected by the Raman spectra (Figure 5.11b).
For the lubricated tests that used POE without ZDDP addition, a slightly lower μ S of
0.092 (0.001) was observed after a longer tR of 6,500 cycles. The initial FeO phase was
characterized by the single peak at 664 cm-1. After sliding for 9,000 cycles the formation
of Fe3O4 can be evidenced by the Raman peak at 534 cm-1 albeit a small intensity peak, as
well as the peak at 664 cm-1 with high intensity. After 36,000 sliding cycles, the Fe2O3
appeared to become the dominant oxide phase in the tribolayers since the intensities of
the peaks at 219, 290, 403, 1311 cm-1 increased and two new peaks at 495 and 599 cm-1
that corresponded to Fe2O3 emerged (Figure 5.11c).
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Figure 5.11 (a) Variations of COF with sliding contact cycles during thermal spray
coated cylinder bore sample sliding against CrN coated TCR at a reciprocating frequency
̅ =0.15 m/s) and a constant load of 100 N lubricated by POE+1.4 wt.% ZDDP
of 5 Hz (V
and by POE without additives. Raman spectra of sliding contact surface of thermal spray
coating after testing for 9,000 and 36,000 sliding cycles using (b) POE+1.4 wt.% ZDDP
and (c) POE without additives. The spectrum of as-received thermal spray coating is
given for comparison.
The presence of additional iron oxides Fe2O3 and Fe3O4 in the tribolayers
generated on the coating surfaces indicated that a higher amount of oxidational wear
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occurred and this was accompanied with lower friction. One interpretation of this
observation for the thermal spray coatings with initially rough surfaces such as the ones
tested in this work is that the oxidational wear would reduce the surface roughness during
sliding, a point that will be examined in more detail in the following paragraphs.
At this point it is beneficial to focus on the detailed characterization of the
̅ =0.15 m/s
tribolayer. The worn surface morphology of thermal spray coating tested at V
using POE with 1.4 wt.% ZDDP is shown in Figure 5.12 (a). The tribolayer was not
continuous but formed isolated pockets on the peaks of honing patterns. The
compositions of the elements in the sliding contact area (Position A in Figure 5.12a) and
the non-contact area (Position B in Figure 5.12a) detected by EDS are shown in Figure
5.12 (b) in the form of a bar chart. Accordingly, the main constituents of the tribolayer, in
addition to the Fe and O, were the C from the decomposition of the oil and the Zn, P and
S which were due to the decomposition of ZDDP. The tribolayer formed on the coating
surface as a result of sliding-induced decomposition of base oil (and ZDDP) is referred to
as the oil residue layer (ORL). FIB milled cross-sections were taken from ORL (marked
as (c) in Figure 5.12a) to examine the subsurface microstructures by TEM. As shown in
Figure 5.12 (c) the ORL had an uneven thickness varying between 40-115 nm. The
details of the microstructure of the ORL were examined at higher magnification using
HR-TEM (Figure 5.12d). In a region marked as (d) in Figure 5.12 (c) presence of nanocrystalline (<10 nm) grains with different d-spacings (0.20 and 0.29 nm) embedded in an
amorphous matrix could be detected. The FFT-derived diffraction patterns (Figure 5.12e)
indicated that the measured d-spacings of 0.20 and 0.25 nm corresponded to the {202}
and {112} planes of FePO4 which has an orthorhombic crystal structure.
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Figure 5.12 (a) SE image of worn surface of thermal spray coated cylinder bore sample
̅ =0.15 m/s) and a
sliding against CrN coated TCR at a reciprocating frequency of 5 Hz (V
constant load of 100 N for 36,000 cycles lubricated by POE+1.4 wt.% ZDDP. (b) The
corresponding EDS analyses at positions A and B in (a) showing the formation of oil
residue layer (ORL) at the peak of honing patterns with the presence of Zn, P and S. (c)
Bright-field TEM image of the cross-section taken from the position covered by ORL
marked as (c) in (a) showing the worn subsurface microstructure. (d) HR-TEM image and
(e) FFT-derived diffraction patterns of the region marked as (d) in (c) showing ORL
consisting of nano-crystals of ZnS and FePO4 embedded in an amorphous matrix.
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Examination of Figures 5.12 (d) and (e) also revealed that the d-spacings of 0.15
and 0.29 nm in the crystalline grains detected in the ORL corresponded to the {004} and
{101} planes of ZnS (hexagonal) phase. It has been reported [32, 60] that ZDDP
molecules would decompose when subjected to sliding contact to form zinc
polyphosphate, Zn(PO3)2 as an intermediate reaction product as a result of ZDDP
absorption

and

ligand

exchange.

Zn(PO3)2

would

react

with

Fe2O3

i.e.,

Zn( PO3 )2  Fe2O3  2FePO4  ZnO [61, 62]. ZnO might further react with sulphur species to

form ZnS [61]. In this way FePO4 and ZnS were generated as the reaction products
during sliding contact and the nano-crystalline particles of each of these phases became
embedded in the amorphous carbon matrix of the ORL (Figures 5.12d and e). It is
therefore conceivable that the dissociated ZDDP molecules reacted with iron oxides
during the sliding process to form FePO4, and ZnS. Thus, the use of ZDDP containing
base oil would restrain the progression of oxidational wear on the thermal spray coated
̅ =0.15 m/s were
surfaces. The wear rates of thermal spray coatings measured at V
0.544×10-6 mm3/cycle for the tests lubricated by POE+1.4 wt.% ZDDP, and 2.375×10-6
mm3/cycle for the tests lubricated by POE. Hence, a reduced wear rate (by ~75%) was
attained with the use of ZDDP containing oil. However, as stated before, a ~10% higher
μS was observed compared to that recorded in the sliding tests that used POE without
ZDDP. Previous research conducted on bearing steel (AISI 52100) surfaces [63-66] has
shown that the use of ZDDP containing oil induced a high COF, which could derive from
the roughening of contact surfaces [65] or the reduction of oil film thickness [66]. In this
work, the differences in μS values observed during lubricated sliding of thermal spray

156

steel coatings with and without ZDDP addition were attributed to the extent of sliding
wear that changed the surface roughness as the tests progressed.
The surface morphologies of thermal spray coatings prior to and after the stepwise
lubricated tests in Figure 5.7 are shown in Figures 5.13 (a)-(c). A typical 3D white light
optical profilometry image showing the honed surface of thermal spray coating revealed
(Figure 5.13a) that the honing peaks had an average height of 3.75±0.5 μm, while the
distance between two adjacent peaks was 110 μm. The average roughness (Sa=965±30
nm), the core roughness (Sk=3.31±0.3 μm), the reduced peak height (Spk=0.92±0.3 μm)
and reduced valley depth (Svk=1.73±0.7 μm) of the as-received coatings were also
determined. For the worn coating surface lubricated by POE+1.4 wt.% ZDDP,
Sa=689±90 nm, Sk=2.00±0.5 μm, Spk=0.82±0.3 μm and Svk=1.54±0.3 μm were obtained
(Figure 5.13b); while Sa=418±50 nm, Sk=1.01±0.07 μm, Spk=0.45±0.06 μm,
Svk=1.60±0.4 μm of the worn coating surface were recorded after the sliding tests
conducted using POE without additives (Figure 5.13c). The lower values of Spk and Sk of
the worn surface when POE without ZDDP was used suggest [67] that the peaks of
honing patterns suffered from higher degree of sliding wear when the oxidational wear
was more prominent. The Fe2O3 debris that were generated at the peaks were pushed into
the valleys, in a similar way the oxidational wear mechanism observed for the dry sliding
condition (Figure 5.6). As the worn coating surface became smoother, the Sa values
decreased too. The Sa values of thermal spray coated surfaces measured at the end of each
test step during the stepwise lubricated tests are shown in Figure 5.14. Compared with the
tests lubricated by POE+1.4 wt.% ZDDP, lower Sa values were recorded for each test
step when POE was used as the lubricant. Figure 5.15 shows the comparison of surface
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morphologies of CrN coated TCR used as counterface before (Figure 5.15a) and after
(Figure 5.15b) the stepwise friction tests. The sliding wear that occurred on some regions
of the TCR surface gave rise to a polishing effect. The Sa value of the TCR was measured
as 103.4±1.1 nm prior to the sliding tests. A Sa value of 95.8±0.8 nm was recorded using
Wyko NT-1100 profilometer after the completion of the last step (corresponding to
̅ =0.6 m/s) of the stepwise frequency increase tests using POE incorporating ZDDP. A Sa
V
value of 91.4±3.1 nm was observed when POE was used without ZDDP. As such, the
roughness changes on TCR surfaces were negligible compared with the corresponding
roughness changes on thermal spray coated bore surfaces (Figure 5.14).

Figure 5.13 Representative 3D profilometry images showing the surface morphologies of
(a) as-received thermal spray coating, and the worn coatings after the entire duration of
stepwise lubricated tests using (b) POE+1.4 wt.% ZDDP and (c) POE without additives.
The stepwise lubricated tests were conducted against CrN coated TCR with reciprocating
̅ changing from
frequency stepwise increasing from 0.5 to 20 Hz corresponding to V
0.015 to 0.6 m/s at a constant load of 100 N.
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Figure 5.14 Changes of surface roughness (Sa) of thermal spray coated cylinder bore
sample sliding against CrN coated TCR with reciprocating frequency stepwise increasing
̅ changing from 0.015 to 0.6 m/s at a constant load
from 0.5 to 20 Hz corresponding to V
of 100 N lubricated by POE+1.4 wt.% ZDDP (■) and by POE without additives (●). The
roughness value reported at each reciprocating frequency was the one averaged from nine
measurements conducted at the end of each test step.

Figure 5.15 SE images of surface morphologies of (a) as-received TCR and (b) worn
TCR used as counterface against thermal spray coated bore sample with reciprocating
̅ changing from
frequency stepwise increasing from 0.5 to 20 Hz corresponding to V
0.015 to 0.6 m/s at a constant load of 100 N lubricated by POE+1.4 wt.% ZDDP.
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The λ ratio, as stated before, was determined using Equations (5.1)-(5.2), thus it
would increase as a result of the increase of test speed (Vmax) and the sliding wear
induced reduction of Sa. Accordingly, the λstart calculated using the roughness
measurements conducted before the start of each test step, as well as the λend obtained at
the end of sliding was calculated and given in Table 5.1. In general, the λend > λstart at each
test step, due to the reduction of the roughness of contact surfaces during sliding. A
greater increase in the λend values was observed when the oxidational wear occurred
during lubricated sliding, i.e. when POE was used as the lubricant, compared with the
sliding tests conducted using oil containing ZDDP. Thus, the λstart could be used to
represent the lubrication condition in the initial (running-in) stage of sliding tests, while
the λend could be a better representation of the lubrication condition for the steady-state
friction period. A Stribeck curve was constructed by considering the combined effects of
sliding speed and surface roughness using the mid-stroke COF values obtained in steadystate friction period plotted against the λend, and is shown in Figure 5.16. According to
this figure for the tests conducted using POE without ZDDP, the mixed lubrication
regime (1<λ<3) was achieved at mid-stroke when Vmax reached 0.35 m/s; however, for
the tests conducted using POE+1.4 wt.% ZDDP, a mixed lubrication condition was not
realized at this position until Vmax increased to 0.70 m/s. Therefore, the current results
demonstrate that both the increase in oil film thickness (hmin) due to increasing test speed
(Vmax) and the decrease in surface roughness (Sa) due to sliding wear contributed to a
high λ ratio and accordingly a low COF; when base oil was used as the lubricant, the high
degree of sliding wear that proceeded under the oxidational wear mechanism smoothed
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the spray coating surface, for which the transition from the boundary lubrication regime
to the mixed lubrication regime could occur at a lower sliding speed.
Table 5.1 Summary of the lubricated sliding tests results with reciprocating frequency
stepwise increasing from 0.5 to 20 Hz showing the maximum sliding speed (Vmax)
attained at each test step, the average mid-stroke COF values obtained in the steady-state
friction period, as well as the differences in λ ratio at mid-stroke before (λstart) and after
(λend) each speed step.
Reciprocating
frequency (Hz)

Maximum
sliding speed
(m/s)

0.5

POE+ZDDP

POE

Mid-stroke
COF

λstart

λend

Mid-stroke
COF

λstart

λend

0.02

0.121

0.08

0.10

0.112

0.09

0.11

1.5

0.07

0.110

0.21

0.21

0.105

0.23

0.27

2.5

0.12

0.105

0.29

0.31

0.095

0.38

0.46

5.0

0.25

0.091

0.51

0.55

0.084

0.77

0.84

7.5

0.35

0.085

0.69

0.69

0.082

1.06

1.13

10.0

0.47

0.079

0.84

0.88

0.073

1.38

1.57

15.0

0.70

0.077

1.16

1.28

0.068

2.05

2.07

20.0

0.92

0.071

1.54

1.57

0.060

2.50

2.65
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Figure 5.16 Mid-stroke COF plotted against the λend at mid-stroke for thermal spray
coated cylinder bore sample sliding against CrN coated TCR with reciprocating
frequency stepwise increasing from 0.5 to 20 Hz at a constant load of 100 N lubricated by
POE+1.4 wt.% ZDDP (■) and by POE without additives (●). λend is calculated using the
composite surface roughness (S*) measured at the end of each test step. λ<1 indicates a
boundary lubrication condition, while 1<λ<3 represents a mixed lubrication condition at
mid-stroke. The sliding speeds indicated in the figure show the specific Vmax values at
which the mixed lubrication condition prevailed at mid-stroke.
5.4 Summary and conclusions
The oxidational wear during dry and boundary lubricated sliding of thermal spray
low carbon steel coated engine bore surfaces induced the formation of tribolayers
consisting of iron oxides, and may involve oxide transformations from the initial FeO in
the coating structure to Fe3O4 and to Fe2O3 that were determined using in-situ Raman
spectroscopy.
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The role of oxidational wear on the lubricated friction behaviour of spray coatings
was studied considering the compositions of oil residue layer (ORL) and the reductions in
surface roughness. The addition of ZDDP in base oil restrained the oxide transformations
and accordingly the oxidational wear. The tribochemical reactions that occurred during
sliding-induced decomposition of ZDDP could be responsible for the prevention of Fe2O3
debris and the generation of an ORL incorporating FePO4 and ZnS nano-crystals, both of
which contributed to a low wear rate. A high steady-state COF (μS) was observed during
boundary lubricated sliding when ZDDP containing base oil was used as the lubricant.
The COF values plotted in the form of Stribeck curves showed that the transition from
the boundary lubrication to the mixed lubrication regime occurred at a lower speed when
the oxidational wear interfered with the ORL formation.
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CHAPTER 6
Role of Surface Roughness on Reducing Sliding Friction under The Boundary and
Mixed Lubrication Conditions
6.1 Introduction
Surface roughness of engine cylinder bores is among the important aspects that
control the lubricated friction and wear properties [1]. The inner walls of engine cylinders
are normally subjected to a final processing operation called honing to obtain precise
bore geometry and generate specific surface patterns typically consisting of peaks and
grooves [2]. The intention of generating grooves is to create sliding surfaces with good
oil retention capability, while the peaks are the byproducts during the honing process [3].
The surface roughness of a honed surface provides a general description of the height
difference between the peaks and the grooves, thus is used as an important parameter in
automotive industry. Different surface roughness levels have been observed on different
types of engines, and the arithmetic mean roughness (Sa) values typically range from 0.12
µm to 1.20 µm [4]. In recent years, a new engine cylinder processing technology named
as “Nanoslide” with mirror-like bore surface finish has been developed and applied to the
new generation of Mercedes-Benz engines [5].
In Chapter 5, the friction behaviour of a rough-honed thermal spray (TS) coating
were studied under an oxidational wear mechanism, and the high roughness of TS coated
bores was found to delay the transition from the boundary lubrication to the mixed
lubrication regime. This observation emphasized the use of smooth bore surface for
friction reduction especially when the oil incorporating zinc dialkyldithiophosphate
(ZDDP) was used. The effect of surface roughness on lubricated sliding friction of
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cylinder bore/liners has been studied in previous research [3, 6-9]. Ma et al. [6] studied
the friction behaviour of honed iron liners with different surface roughness, and found
that the running-in stage during lubricated sliding was prolonged with the increase of
peak height (Spk) from 0.78 µm to 1.39 µm. Morawitz et al. [3] studied the frictional
responses of CI liners with rough-honed and smooth-honed surfaces when subjected to
speed changes, and reported that the transition from the mixed lubrication to the
hydrodynamic lubrication regime occurred at a lower sliding speed on the smooth-honed
CI liner. Similar observations were made in Ref [7] where pronounced friction reduction
brought by low surface roughness was observed in the mixed lubrication regime, while in
the boundary lubrication and the hydrodynamic lubrication regimes, the friction reduction
effect was marginal. Johansson et al. [8] compared the lubricated friction behaviour of
smooth-honed TS coated cylinder liner and rough-honed CI liner by performing
reciprocating sliding tests as well as single cylinder engine tests. Compared with rough
CI liner surface, the smooth surface of TS coated cylinder liner revealed lower COF
values in the tribometer tests but higher oil consumption and higher torque losses in the
engine tests. The authors suggested that smooth surface may be beneficial in friction
reduction under the boundary lubrication regime that prevailed in the tribometer tests,
whereas it may induce high friction in the hydrodynamic lubrication regime that
dominated in the engine tests. Sato et al. [9] conducted single cylinder engine tests on a
rough-honed CI liner (Spk=0.35 µm) and a smooth-honed CI liner (Spk=0.11 µm), and
suggested that compared with the rough surface, the smooth surface reduced the friction
at reversal positions of a reciprocating stroke where the boundary and mixed lubrication
conditions dominated, but induced high friction at the mid-stroke region where the
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hydrodynamic lubrication condition prevailed. In addition to influencing the friction
behaviour, surface roughness may also affect the wear behaviour of cylinder bore/liners
under both lubricated [10] and dry [11] sliding conditions. It was found that a mirrorpolished surface could effectively increase the bearing ratio and decrease the contact
stress, thus achieve a lower wear rate [11].
From the above review, it becomes clear that the smooth-honing of TS steel
coatings would lead to friction reduction and this effect should be further studied and
compared to the friction behaviour of conventional CI liners with different roughness
levels. High surface roughness of cylinder bore/liners was observed to induce high
sliding friction and high wear rate but the underlying mechanisms remain to be delineated
with the demarcation of lubrication regimes. Accordingly, this work aims at studying the
friction and wear properties of the smooth-honed TS coating with reference to CI liners
subjected to the same (smooth) honing strategy as well as the rough-honing strategy. The
friction

reduction

mechanism

was

delineated

by

conducting

laboratory-scale

reciprocating tests under the boundary and mixed lubrication conditions and examining
the evolution of surface roughness of the cylinder bore/liner samples. Electron
microscopy and spectroscopic methods helped to characterize the tribolayer formation at
different regions of the wear track formed on the worn sample surfaces.
6.2 Experimental
6.2.1 Cast iron liners and thermal spray coated bores: microstructures
The test samples used in this work were sectioned from 4-cylinder lightweight AlSi (Al-9.0% Si) engine blocks with ASM type D cast iron (CI) liners or plasma
transferred wire arc (PTWA) thermal spray (TS) carbon steel (AISI 1010) coated cylinder
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bores. Figure 6.1 (a) shows the dimensions of the engine block. The samples were
sectioned from the inner walls of the engine cylinder using electrical discharge machining
(EDM) (as shown in Figure 6.1b) and each sample had dimensions of 58 mm×18 mm
(Figure 6.1c). These samples will be tested on a Cameron-Plint (TE 77) reciprocating
tribometer, as will be described in detail in Section 6.2.3.

Figure 6.1 Photographs showing (a) the dimensions of the lightweight Al-Si engine
block from which the cylinder bore/liner samples were cut; (b) the Cylinder #1 of the
engine block after electrical discharge machining (EDM); (c) the samples taken out of
Cylinder #1 used as the test sample for the Cameron-Plint (TE 77) reciprocating
tribometer. The x direction refers to the longitudinal direction of engine cylinder while
the y direction refers to the circumferential direction of engine cylinder.
A cross-sectional secondary electron (SE) image of ASM Type D grey cast iron
(CI) liner studied in this work is shown in Figure 6.2 (a). Graphite flakes and dispersed
MnS particles, used as inoculants to enhance the nucleation of graphite [12], were
observed to be embedded in a pearlitic matrix showing a typical lamellar structure. A
high magnification SE image (Figure 6.2b) taken at the region marked as (b) in Figure
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6.2 (a) shows the details of the pearlitic matrix, which consisted of alternately-distributed
cementite and ferrite platelets.

Figure 6.2 (a) Secondary electron (SE) image of the cross-section of grey cast iron (CI)
cylinder liner sample along the longitudinal direction (x direction in Figure 6.1). (b) High
magnification SE image taken from the position marked as (b) in (a) showing the details
of pearlitic matrix.
The TS steel coatings were deposited using plasma transferred wire arc (PTWA)
method consisting of a rotating wire made of low carbon steel (AISI 1010) on the inner
walls of the cylinder bores of engine blocks cast from A380 alloy (Al-9.0% Si). Prior to
coating deposition, the cylinder bore surfaces were machined to form a dovetail pattern to
provide mechanical interlocking between the TS coating and the bore surface. The crosssectional specimen was prepared by polishing and etching using a 2% Nital solution
(ethanol + nitric acid) for 10 s, and was studied using a ZEISS Axio Vert. A1 microscope
under a differential interference contrast (DIC) mode. The corresponding optical
microstructure of the TS coating on the A380 bore surface is shown in Figure 6.3 (a). The
coating had a thickness of 262.0±4.0 µm excluding the dovetails. To further study the
interfacial microstructure between the coating and the A380 bore, a cross-section taken
along the longitudinal direction of the cylinder bore was prepared by focused ion beam
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(FIB) (Carl Zeiss NVision 40 CrossBeam) lift-out technique. A gallium ion source
operated at 30 kV was used for the milling. Prior to the ion beam milling process, the
surfaces were protected by sputtering them with a layer of carbon. The specimens were
then ion beam milled to a thickness about 100 nm for transmission electron microscope
(TEM) observations using a FEI Titan 80-300 HB-TEM operated at 80 kV. A dark-field
TEM image of the microstructure of the interface is shown in Figure 6.3 (b). The selected
area electron diffraction (SAED) patterns obtained at sites A and B in Figure 6.3 (b) were
used to determine the constituents of TS coating and are shown in Figures 6.3 (c)-(d).
The α-Fe splats (Figure 6.3c) were surrounded by thin FeO layers (Figure 6.3d) with
thickness in the range of 0.15-1.0 µm. It is also noted that some unmelted α-Fe particles
remained in the FeO layers. A high magnification bright-field TEM image taken from a
location marked as (e) in Figure 6.3 (b) is shown in Figure 6.3 (e) with the corresponding
EDS map showing the elemental distributions of Fe, O and Al at this location. It can be
seen that this specific interfacial region consisted of Fe, O and Al, which suggested the
formation of a new compound phase at the interface. A high resolution (HR) TEM image
taken from a location marked as (f) in Figure 6.3 (e) is shown in Figure 6.3 (f). The
corresponding fast Fourier transform (FFT) derived diffraction patterns revealed the
formation of an amorphous Fe-Al-O compound adjacent to the FeO phase at the bottom
edge of the TS coating.
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Figure 6.3 (a) Optical image of the cross-section of thermal spray (TS) coated bore
sample along the longitudinal direction (x direction in Figure 6.1) showing the dovetail
shape interlocks between the TS coating and the A380 bore. (b) Dark-field transmission
electron microscope (TEM) image showing the details of the interface between the TS
coating and the A380 bore along the longitudinal direction. The selected area electon
diffraction (SAED) patterns obtained at sites A and B corresponding to (c) α-Fe phase
and (d) FeO phase. (e) High magnification bright-field TEM image taken from the
interfacial area marked as (e) in (b) with the corresponding EDS map showing the
elemental distributions of Fe (orange), O (green) and Al (blue). (f) High-resolution (HR)
TEM image taken at the area marked as (f) in (e) with the corresponding fast Fourier
transform (FFT) derived diffraction patterns showing the interface between the FeO
phase and the amorphous Fe-Al-O phase.
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6.2.2 Cast iron liners and thermal spray coated bores: honing patterns
Honing patterns on both the CI liner surfaces and the TS coating surfaces were
generated using cubic boron nitride (CBN) honing tools at Nagel Precision Inc. To
investigate the role of surface roughness on sliding friction, two types of honing
strategies, each resulting in a different roughness level, were employed, namely i) the
standard (rough) honing and ii) the smooth honing. The CI liners subjected to the rough
and the smooth honing strategies are designated as rough CI and smooth CI, respectively;
while the TS coatings subjected to the smooth honing are designated as smooth TS
coating. Representative 3D profilometry images of as-received rough CI, smooth CI and
smooth TS coating samples are shown in Figures 6.4 (a)-(c). All samples studied had
cross-hatched honing patterns showing grooves with non-uniform depths. In addition, TS
coating sample exhibited irregular distribution of pores, and the porosity of this type of
coating was measured as 2.2% using scanning electron microscope (SEM) image
analyses. The surface roughness parameters of rough CI, smooth CI and smooth TS
coating samples were measured using the white light vertical-scanning interferometry
(VSI) mode of the optical profilometer (Wyko NT-1100) with a vertical resolution of <1
nm, and are listed in Table 6.1. Each reported value was the average of nine
measurements. The rough CI sample had the highest average roughness (Sa=536.2±21.0
nm), while the smooth CI sample had a Sa of 199.0±8.6 nm, similar to the value of
smooth TS coating sample (Sa=210.4±6.5 nm).
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Figure 6.4 Representative 3D profilometry images showing the surface morphologies of
(a) rough CI sample, (b) smooth CI sample and (c) smooth TS coating sample. x refers to
the longitudinal direction while y refers to the circumferential direction of engine
cylinder.
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Table 6.1 Surface roughness parameters of rough CI, smooth CI and smooth TS coating
samples measured from 3D surface profiles. Sa is the arithmetic mean surface roughness,
Sk is the core-roughness depth, Spk is the reduced peak height, Svk is the reduced valley
depth, Smr1 and Smr2 are the material ratios [13].

Sa (nm)

Sk (nm)

Spk (nm)

Svk (nm)

Rough CI

536.2±21.0

1640.2±48.5

846.3±65.7

782.6±129.5

Smooth CI

199.0±8.6

567.5±34.5

396.7±7.5

283.7±46.6

Smooth TS Coating

210.4±6.5

572.3±22.1

498.0±51.4

613.9±122.3

The surface hardness of CI liner and TS coating samples was determined by
performing Vickers hardness tests on polished samples under an applied load of 0.49 N.
The TS coatings had a higher hardness value of 370±50 HV compared with that of
235±60 HV for the CI liner samples.
6.2.3 Tribological tests
6.2.3.1 Friction tests and construction of Stribeck curves
Lubricated friction tests were conducted on rough CI, smooth CI and smooth TS
coating samples using a Cameron-Plint (TE 77) reciprocating tribometer at 25 °C and
under a constant load of 100 N (8.3 MPa), as the peak pressure experienced by the top
compression ring (TCR) of a gasoline engine is typically around 10 MPa [14]. The matrix
of friction tests and the typical morphology of the wear track formed on the sample
surface are shown in Figure 6.5. The stroke length was fixed at 20 mm, while the
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reciprocating frequency was changed from 20 Hz to 0.5 Hz to realize a change in average
sliding speed from 0.8 m/s to 0.02 m/s. The purpose of stepwise decreasing the test speed
was to realize a transition from the mixed lubrication regime to the boundary lubrication
regime at the mid-stroke position, so that the surface roughness of the bore/liner samples
at this position was gradually reduced, as will be examined in Section 6.3.3. In total nine
speed steps constituted an entire friction test, and each speed step lasted for 1,200 s. A
commercial engine oil SAE 5W30, which is one of the most widely used grades of engine
oil, was selected as the lubricant to study the tribological behaviour of TS coated cylinder
bores and CI liners. 200 μL lubricant was applied to the surfaces of the bore/liner samples
prior to each test, and the same quantity of oil was added to the surface at the beginning
of each test step during stepwise friction tests. The counterfaces used were segments cut
from CrN coated TCR with an outer diameter of 74.0 mm. The TCR segments had a
thickness of 1.2 mm and a length of about 10 mm in contact with the bore/liner sample as
shown in the inset of Figure 6.5.
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Figure 6.5 Friction test procedures for rough CI sample, smooth CI sample and smooth
TS coating sample sliding against CrN coated top compression ring (TCR) sample with
the average sliding speed stepwise decreasing from 0.8 m/s to 0.02 m/s by changing the
reciprocating frequency from 20 Hz to 0.5 Hz. The tests were conducted at 100 N and 25
°C lubricated by SAE 5W30. The inset shows the typical morphology of the wear track
that formed on the bore/liner samples after the stepwise friction tests.
To demarcate the lubrication regimes at the mid-stroke position, the COF values
were calculated and plotted as a function of the ratio (λ) of the minimum film thickness
(hmin) to the composite surface roughness (S*) of contact surfaces, which could be
obtained using the following equations [15]:
hmin  1.79r 0.47 0.4900.68V 0.68 ( E * ) 0.12 P 0.07

(6.1a)

2
2
1  ring
1 1  bore
/ liner


E*
Ebore/ liner
Ering

(6.1b)

  (0.6  0.965 log10 0 )  108

(6.1c)

S *  S a2,bore/ liner  S a2, ring

(6.2)
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In Equation (6.1a) r=0.037 m is the radius of TCR segment in contact with the
bore/liner samples. V is the mid-stroke sliding speed obtained by calculating the first
derivative of the displacement curve (against time) at mid-stroke, as will be explained in
detail in Section 6.3.2. The composite elastic modulus (E*) is calculated using Equation
(6.1b) considering the elastic modulus ECI=118 GPa and Poisson’s ratio νCI=0.3 of the CI
liner samples, ETS=115 GPa and νTS=0.32 of the TS coating samples, as well as Ering=337
GPa and νring=0.20 of the CrN coated TCR. The viscosity of the lubricants used, i.e., η0,
5W30=0.146

Pa·s was measured under an atmospheric pressure at 25 °C using a

viscometer. The viscosity pressure coefficient (α) is calculated according to Equation
(6.1c). The surface roughness values before the sliding tests (Table 6.1) are used in
Equation (6.2) to calculate the S*. Using the calculated values of λ=hmin/S*, the initial
lubrication regimes were demarcated, as λ<1 indicated a boundary lubrication condition
at the start of the tests and 1<λ<3 indicated a mixed lubrication condition [24]. It should
be noted that the λ ratio calculated using the mid-stroke sliding speed was applicable to
the mid-stroke position, whereas the reversal positions were normally dominated by the
boundary lubrication condition. The roughness measurements of sliding contact surfaces
were conducted at the mid-stroke position after each test step using an optical
profilometer, such that the dynamic changes of λ were captured. Using this procedure, the
arithmetic mean of COF values was plotted against λ, as will be described in detail in
Section 6.3.4.
6.2.3.2 Wear tests
To characterize the wear of bore/liner samples under different lubrication
regimes, wear tests were conducted at three (average) sliding speeds, namely at 0.8 m/s,
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0.3 m/s and 0.02 m/s. The stroke length was fixed at 20 mm, while the reciprocating
frequency was maintained at 20 Hz, 7.5 Hz and 0.5 Hz respectively to realize the
designated speeds. The total test duration at each sliding speed was 3,600 s, and the tests
were briefly interrupted after every 1,200 s for conducting wear measurements using the
profilometry technique as described in Ref [16]. The volumetric wear losses reported
were the average of at least nine measurements taken at the mid-stroke position of the
wear track.
The details of the worn surface morphologies and the tribolayers that formed
during sliding were studied using a FEI Quanta 200 FEG SEM equipped with an energydispersive X-ray EDAX (SiLi Detector) spectrometer.
6.3 Results and discussion
6.3.1 Friction properties of cast iron liners and thermal spray coated bores with different
Sa values
The variations of COF values of rough CI, smooth CI and smooth TS coating
samples with time during each step of the test speed used in stepwise speed decrease tests
are shown in Figure 6.6 (a). With the (average) sliding speeds decreasing from 0.8 m/s to
0.02 m/s, the COF values of all the samples increased progressively. The rough CI
sample revealed an average COF value of 0.064 at the initial speed step (0.8 m/s) and a
value of 0.107 at the ultimate speed step (0.02 m/s), whereas the smooth CI sample
showed an average COF value of 0.039 at 0.8 m/s and a value of 0.102 at 0.02 m/s. The
TS coated sample, on the other hand, exhibited an average COF value of 0.034 at 0.8 m/s
and a value of 0.102 at 0.02 m/s. The average values of COF measured at each speed step
were plotted against the average sliding speeds and are shown in Figure 6.6 (b). At all
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nine speed steps the rough CI sample revealed higher COF values than those recorded on
smooth CI sample as well as smooth TS coated sample. It is also noted that differences in
the average COF values of CI samples were generally larger at high sliding speeds (0.20.8 m/s) compared to low sliding speeds. In addition, compared with smooth CI sample,
the TS coated sample with same level of roughness exhibited lower COF values at the
sliding speeds ≥0.1 m/s, which will be further examined in Section 6.3.2.
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Figure 6.6 (a) Variations of coefficient of friction (COF) with the average sliding speed
stepwise decreasing from 0.8 m/s to 0.02 m/s for rough CI sample, smooth CI sample and
smooth TS coating sample sliding against CrN coated TCR at 100 N and 25 °C lubricated
by SAE 5W30. (b) Average COF plotted against average sliding speed for rough CI
sample, smooth CI sample and smooth TS coating sample sliding against CrN coated
TCR.
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6.3.2 Differentiation of mid-stroke sliding friction
The average COF data presented in Section 6.3.1 considered the overall effect of
changing test speed on sliding friction. However, due to the characteristics of
reciprocating motion, the instantaneous sliding speed varied within the reciprocating
stroke, and consequently the lubricating oil film thickness would be larger at the midstroke position compared with that at the reversal positions. The contact potential
measured simultaneously during reciprocating sliding could be used to estimate the
variation of oil film thickness with the movement of counterface during a reciprocating
stroke. The holder of piston ring segment on the Cameron-Plint tribometer is electrically
isolated from the drive shaft and from the holder of bore/liner sample, which allows a
millivolt potential to be applied across the contact using the Lunn-Furey Electrical
Contact Resistance Circuit [17]. The variation of the contact potential is indicative of the
level of metallic contact between the bore/liner sample and the TCR segment [18], thus
the contact potential measurement is valuable for observing the formation of chemical
films from lubricants (and additives), the breakdown of non-conducting layers, and the
build-up of oxides. Typical variations of contact potential as well as friction force at the
reciprocating frequencies of 20 Hz, 7.5 Hz and 0.5 Hz are shown in Figures 6.7 (a)-(f) for
two consecutive reciprocating cycles. The displacement curves against time are also
included to indicate the mid-stroke position and the reversal position during each cycle.
By calculating the first derivatives of the displacement curves the instantaneous sliding
speeds could be obtained. The maximum sliding speed normally occurred at the midstroke position while the sliding speeds at reversal positions were close to zero, thus
thicker oil films with higher contact potentials are expected at the mid-stroke position
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compared with the reversal positions. It can be seen from Figures 6.7 (a) and (c) that
stable oil films with high contact potentials of ~50 mV were maintained at the mid-stroke
region, whereas the breakdown of oil film with low contact potentials of ~10 mV was
observed at the reversal positions. At low reciprocating frequency (test speed) oil film
thickness was smaller over the entire stroke with low contact potentials around 10 mV
(Figure 6.7e). No major differences in contact potentials were discernible on rough CI,
smooth CI and smooth TS coating samples. However, the friction forces of these
bore/liner samples were observed to be different. In general, the rough CI sample
exhibited the highest friction force at both 20 Hz and 7.5 Hz in comparison to the smooth
CI and the smooth TS coating samples (Figures 6.7b and d), but the difference became
less significant at 0.5 Hz (Figure 6.7f). The friction forces of smooth TS coating sample,
on the other hand, were similar to those of the smooth CI sample at both 20 Hz and 0.5
Hz (Figures 6.7b and f), but at 7.5 Hz the smooth TS coating sample revealed the lowest
friction force especially at the mid-stroke position (Figure 6.7d).
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Figure 6.7 Variations of contact potentials and friction forces in two consecutive
reciprocating cycles at different reciprocating frequencies of (a)-(b) 20 Hz, (c)-(d) 7.5 Hz
and (e)-(f) 0.5 Hz which corresponded to the average sliding speeds of 0.8 m/s, 0.3 m/s
and 0.02 m/s for rough CI sample, smooth CI sample and smooth TS coating sample
against CrN coated TCR at 100 N and 25 °C lubricated by SAE 5W30. The instantaneous
sliding speed at the mid-stroke position was obtained by calculating the first derivative of
the displacement curve (against time) at this position. Accordingly, a mid-stroke speed of
1.2 m/s in (a)-(b), a mid-stroke speed of 0.45 m/s in (c)-(d), and a mid-stroke speed of
0.06 m/s in (c)-(d) were determined.
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The COF values as well as the instantaneous sliding speeds at mid-stroke were
calculated at each test step and are shown in Figure 6.8. It is clear that the use of smoothhoned surface contributed to a reduced COF in the entire range of (mid-stroke) sliding
speed investigated, while the application of TS coating provided additional friction
reduction benefits in an intermediate (mid-stroke) sliding speed range of 0.2-0.9 m/s. It is
also worth noting that at the test step of 20 Hz (corresponding to an average sliding speed
of 0.8 m/s and a mid-stroke sliding speed of 1.2 m/s), although the average COF value of
the smooth TS coating was lower than that of the smooth CI sample (Figure 6.6b), the
mid-stroke COF values of these two samples became close to each other (Figure 6.8).
This observation suggested that at a mid-stroke sliding speed of 1.2 m/s the EHL regime
might occur at the mid-stroke position for both the smooth CI and the smooth TS coating
samples. The demarcation of lubrication regimes will be discussed in Section 6.3.4.

Figure 6.8 Mid-stroke COF plotted against mid-stroke speed for rough CI sample,
smooth CI sample and smooth TS coating sample sliding against CrN coated TCR at 100
N and 25 °C lubricated by SAE 5W30.
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6.3.3 Evolution of mid-stroke roughness
As the contact potential did not reveal major differences on rough CI, smooth CI
and smooth TS coating samples, the different friction behaviour observed in Figure 6.8
might derive from different surface properties of these samples. The SE images of the
worn surfaces of rough CI and smooth CI samples after the friction test in Figure 6.6 (a)
are shown in Figures 6.9 (a)-(d). The mid-stroke position and the reversal position of the
wear tracks were characterized separately. In general, the peaks of honing patterns on the
rough CI sample (Figures 6.9a-b) were more severely deformed compared with those on
the smooth CI sample (Figures 6.9c-d), which suggested that the rough CI sample surface
might experience a higher degree of asperity contact during the course of lubricated
sliding. In addition, compared with the morphologies observed at the mid-stroke position
(Figures 6.9c) of the wear track formed on the smooth CI sample, the honing peaks at the
reversal position (Figures 6.9d) were flattened to a larger extent.
The SE images and the corresponding EDS results of the worn surface of TS
coating sample after friction tests are shown in Figures 6.10 (a)-(d). Similar to the
observations made on the smooth CI sample, the honed surface at the reversal position
(Figures 6.10b) of the wear track formed on the smooth TS coating sample appeared to be
more flat compared to that at the mid-stroke position (Figures 6.10a). In addition to the
surface deformation, TS coated surface (Figures 6.10a-b) was observed to incorporate
more pores compared with the CI surface (Figures 6.9c-d), and the effect of these pores
will be discussed later in this section. The tribolayers observed on the contact areas were
not continuous but formed isolated pockets, which were generated as a result of slidinginduced decomposition of oil molecules (and ZDDP) and are referred to as the oil residue

190

layers (ORL). The ORL formation was favored at the reversal position of the wear track,
as evidenced by the peaks that belonged to Zn, S and Ca in the spectrum (site C in Figure
6.10d). The presence of these elements was attributed to the degradation of additive
components in SAE 5W30. The spectrum of ORL formed at the mid-stroke position of
the wear track (site A in Figure 6.10c), however, only exhibited a small peak which
belonged to Ca, suggesting that the formation of ORL at mid-stroke was more difficult.
Thus, the non-uniform distribution of oil film thickness within the reciprocating stroke
(Figure 6.7) resulted in the differences in worn surface morphology and tribolayer
formation between different locations of the wear track.
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Figure 6.9 Worn surface morphologies of CI liner samples after friction tests against CrN
coated TCR with the average sliding speed stepwise decreasing from 0.8 m/s to 0.02 m/s
at 100 N and 25 °C lubricated by SAE 5W30. The microstructural characterizations were
conducted at (a) the mid-stroke position and (b) the reversal position of the wear track
formed on rough CI sample; as well as (c) the mid-stroke position and (d) the reversal
position of the wear track formed on smooth CI sample. SD is short for sliding direction,
and ORL is short for oil residue layer.
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Figure 6.10 Worn surface morphologies of TS coating samples after friction tests against
CrN coated TCR with the average sliding speed stepwise decreasing from 0.8 m/s to 0.02
m/s at 100 N and 25 °C lubricated by SAE 5W30. The microstructural characterizations
were conducted at (a) the mid-stroke position and (b) the reversal position of the wear
track formed on TS coating sample. The energy-dispersive X-ray spectroscopic (EDS)
analyses were conducted at (c) the mid-stroke position and (d) the reversal position of the
wear track to show the tribolayers’ composition. SD is short for sliding direction, and
ORL is short for oil residue layer.
According to the worn surface morphologies shown in Figure 6.9 and Figure 6.10,
variations of surface roughness could occur on the rough CI, the smooth CI and the
smooth TS coating samples during the friction tests. The average surface roughness (Sa)
and the oil retention depth ratio (Svk/Sk) were measured at the mid-stroke position at each
test step, and the results are shown in Figures 6.11 (a)-(b). It can be seen from Figure
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6.11 (a) that for all the samples tested there was a sharp reduction in Sa during the initial
step (at a mid-stroke speed of 1.2 m/s) of the friction tests, then a plateau was reached
during the intermediate test steps with the mid-stroke sliding speed changing from 0.9
m/s to 0.32 m/s. Another drop in Sa was noted after the mid-stroke speed decreased to
0.17 m/s, and this reduction of Sa could be due to the transition of lubrication regime, as
will be examined in Section 6.3.4. Here, it should be mentioned that the rough CI sample
maintained high Sa values throughout the entire friction tests, while the roughness levels
of smooth CI and smooth TS coating samples were similar.
For a lubricated surface consisting of peaks and valleys, the volume of oil (Voil)
retained in

the valleys

could

be estimated using the following equation:

Voil  100  Smr 2   Svk / 200 [19], where Smr2 is the material ratio and Svk is the reduced

valley depth as illustrated in Table 6.1. Voil has the same unit as Svk and is used to predict
the retaining oil volume per unit surface area. Based on the direct relationship between
Svk and Voil, a dimensionless parameter, Svk/Sk, has been further developed to indicate the
oil retention capability of a surface, and is designated as the oil retention depth ratio [20].
It can be observed from Figure 6.11 (b) that for all the samples tested an increase in
Svk/Sk was recorded during the inception, followed by the stabilization of Svk/Sk as tests
progressed. The high value of Svk/Sk on rough CI sample was expected as the deeper
honing grooves on this sample could retain larger volume of oil [21]. However, it is
interesting to note that the TS coating sample that was subjected to a smooth honing
strategy revealed comparable oil retention capability during the sliding tests, which might
be due to the porous nature of this type of coating that provided additional oil reservoirs
[3, 22].
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Figure 6.11 (a) Surface roughness (Sa) and oil retention depth ratio (Svk/Sk) measured at
the mid-stroke position plotted against the mid-stroke sliding speed for rough CI sample,
smooth CI sample and smooth TS coating sample sliding against CrN coated TCR at 100
N and 25 °C lubricated by SAE 5W30. The roughness measurements were conducted at
the end of each speed step of the stepwise friction tests.
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6.3.4 Establishment of Stribeck curves and demarcation of lubrication regimes
Now it is pertinent to discuss the friction behaviour of different engine bore/liner
surfaces by constructing Stribeck-type friction curves with the consideration of surface
roughness. The λ ratio at the mid-stroke position, as stated before, was determined by
Equations (6.1)-(6.2). Thus the actual value of λ would increase as a result of the increase
of sliding speed and the sliding wear induced reduction of Sa at the mid-stroke position.
The mid-stroke sliding speed was used in Equation (6.1) for the prediction of oil film
thickness, while the bore roughness measured at the mid-stroke position was used in
Equation (6.2) for the calculation of composite surface roughness. Using this method, the
λ ratio of oil film thickness to composite surface roughness at the mid-stroke position at
each test speed was obtained, and the results for smooth TS coating sample sliding
against CrN coated TCR are summarized in Table 6.2 as an example.
Stribeck curves were constructed using the mid-stroke COF values plotted against
the λ ratio at mid-stroke for rough CI, smooth CI and smooth TS coating samples and are
shown in Figure 6.12. Compared with the rough CI sample, the smooth CI surfaces
reduced the COF by 20-40% in the mixed lubrication regime and by 5-10% in the
boundary lubrication regime. The underlying mechanism will be further discussed in
Section 6.3.5 in terms of asperity contact. The use of smooth TS coating, on the other
hand, brought about a further reduction in COF by 10-20% also observed in the mixed
lubrication regime. The opened pores on the TS coating surface during lubricated sliding
possibly enhanced the oil retention capability of the sliding surfaces. Thus a higher oil
depth retention ratio (Svk/Sk) was recorded on the TS coated sample (Figure 6.11b). This
enhanced oil retention capability could potentially be an important factor that led to a
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reduced COF, as generation of additional oil reservoirs on steel surfaces was observed to
be effective in reducing sliding friction especially at intermediate sliding speeds, i.e.
under the mixed lubrication regime [23-25].
Table 6.2 Summary of the friction test results of the smooth TS coating sample sliding
against CrN coated TCR showing the average sliding speed and average COF, the midstroke sliding speed and mid-stroke COF, the mid-stroke roughness (Sa) measured at the
end of each test step, as well as the calculated λ ratio at the mid-stroke.
Reciprocating
frequency (Hz)

Average
sliding speed
(m/s)

Average
COF

Mid-stroke
sliding speed
(m/s)

Midstroke
COF

Sa at midstroke
(nm)

λ at midstroke

20

0.8

0.034

1.2

0.023

142.4

3.23

15

0.6

0.042

0.9

0.029

125.2

2.77

12.5

0.5

0.045

0.75

0.031

120.8

2.47

10

0.4

0.050

0.6

0.034

120.0

2.13

7.5

0.3

0.059

0.45

0.044

116.4

1.76

5

0.2

0.066

0.32

0.051

116.8

1.40

2.5

0.1

0.082

0.17

0.074

114.4

0.91

1.5

0.06

0.092

0.12

0.087

113.6

0.72

0.5

0.02

0.101

0.06

0.101

114.0

0.45
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Figure 6.12 Mid-stroke COF plotted against λ ratio at mid-stroke for rough CI sample,
smooth CI sample and smooth TS coating sample sliding against CrN coated TCR at 100
N and 25 °C lubricated by SAE 5W30. λ<1 represents a boundary lubrication condition,
1<λ<3 indicates a mixed lubrication condition, and λ>3 stands for an elastohydrodynamic
lubrication (EHL) condition at the mid-stroke position.
6.3.5 Effect of surface roughness on lubricated friction
In this section the friction behaviour of rough and smooth CI surfaces will be
discussed in terms of asperity contact (surface roughness). Figures 6.13 (a)-(b) show the
comparison of peak heights between the rough CI sample and the smooth CI sample at
the (mid-stroke) sliding speeds of 1.2 m/s (Figure 6.13a) and 0.06 m/s (Figure 6.13b).
The difference in asperity contact between these two samples was more distinct at high
sliding speed. In addition, it can be suggested that the sliding wear occurring at the midstroke position was limited to the honing peaks on both rough and smooth CI surfaces,
and hence the wear rate calculated at this location could be used to indicate the severity
of asperity contact.
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Figure 6.13 Representative 2D surface profiles measured at the mid-stroke of the wear
tracks formed on the rough CI and smooth CI samples after the friction tests at specific
reciprocating frequency of (a) 20 Hz corresponding to a mid-stroke speed of 1.2 m/s, and
(b) 0.5 Hz corresponding to a mid-stroke speed of 0.06 m/s.
The wear rates measured at the mid-stroke position of the wear tracks that formed
on rough CI, smooth CI and smooth TS coating samples at the specific (mid-stroke)
sliding speeds of 1.2 m/s, 0.45 m/s and 0.06 m/s are listed in Table 6.3. It can be observed
that compared with rough CI samples, the smooth CI surfaces exhibited reduced wear
rates at all the sliding speeds tested. Interestingly under the mixed lubrication regime 4550% wear reduction was achieved on smooth CI surfaces compared with a 7% wear
reduction under the boundary lubrication regime. These data suggested that under the
mixed lubrication condition lesser extent of asperity contact on smooth CI sample could
be expected, while under the boundary lubrication regime the extents of asperity contact
on smooth CI and rough CI samples became comparable. The smooth TS coating sample,
on the other hand, revealed enhanced wear resistance under both lubrication regimes
investigated, and this improved wear resistance could be attributed to the improved oil

199

retention capability as well as the higher surface hardness of TS coatings (370±50 HV)
compared with CI liners (235±60 HV).
Table 6.3 Wear rates measured at the mid-stroke position of the wear tracks that formed
on rough CI sample, smooth CI sample and smooth TS coating sample sliding against
CrN coated TCR at the specific mid-stroke sliding speeds of 1.2 m/s, 0.45 m/s and 0.06
m/s. The percentage of wear reduction between the rough CI sample and the smooth CI
sample, as well as that between the smooth CI sample and the smooth TS coating sample
is also included.

Mid-stroke
speed (m/s)

Wear rate
(mm3/cycle)

Reduction
percentage of
smooth CI
compared with
rough CI

Wear rate
(mm3/cycle)
Smooth TS
coating

Reduction
percentage of
smooth TS coating
compared with
smooth CI

Rough
CI

Smooth
CI

1.2

3.84×10-8

1.81×10-8

52.9%

9.96×10-9

44.8%

0.45

9.80×10-8

5.38×10-8

45.1%

2.67×10-8

50.4%

0.06

9.88×10-7

9.18×10-7

7.0%

3.29×10-7

64.1%

Based on the friction and wear results of rough CI and smooth CI samples, the
friction reduction mechanism in terms of asperity contact was proposed and the
corresponding schematic diagrams are shown in Figures 6.14 (a)-(b). After the initial
running-in period, some of the asperities that were in contact with counterface were
flattened, thus the Sa of sliding surfaces was dramatically reduced especially on the rough
CI sample (Figure 6.11a). Under the mixed lubrication regime, the Sa value of rough CI
sample that stabilized at a higher level suggested more extensive asperity contact
compared with the smooth CI sample as shown in Figure 6.14, thereby higher mid-stroke
COF value (Figure 6.12) and higher wear rate (Table 6.3) were experienced on the rough
CI sample. When the lubrication regime transitioned into the boundary lubrication
regime, the breakdown of liquid oil film (Figure 6.7e) led to pronounced asperity contact
on both CI surfaces, thus the differences in COF values as well as wear rates between the
rough surface and the smooth surface shrunk.
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Figure 6.14 Schematic diagrams showing the differences in the extents of asperity
contacts between the boundary lubrication condition and the mixed lubrication condition
on (a) rough surfaces generated by standard honing and (b) smooth surfaces generated by
smooth honing.
6.4 Summary and conclusions
During reciprocating sliding, the instantaneous sliding speed varied at different
positions of the reciprocating stroke, thus the oil film thickness and the surface roughness
were non-uniform along the wear track. This chapter characterized the distribution of oil
films by measuring the contact potentials along the reciprocating stroke, and focused on
the differentiation of the mid-stroke COF with the measurements of mid-stroke speed and
roughness to compare the friction properties of CI liner and TS coating samples in the
form of Stribeck curves.
The results arising from the current work demonstrated that compared with rough
CI surface (Sa=536.2 nm), the smooth CI surface (Sa=199.0 nm) could reduce the COF by
20-40% in the speed range of 0.45-1.20 m/s corresponding to the mixed lubrication
regime, and by 5-10% in the speed range of 0.06-0.32 m/s corresponding to the boundary
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lubrication regime. The high degree of asperity contact, which was indicated by the high
surface roughness as well as the high wear rate, was experienced on the rough CI sample
during lubricated sliding, and was responsible for the high COF values observed under
the mixed lubrication regime. Under the boundary lubrication regime, however, the
breakdown of lubricating oil film, as indicated by the low levels of contact potential, led
to extensive asperity contact on both the smooth and the rough CI samples, thus the
differences in COF values and wear rates between these two samples shrunk.
The use of smooth TS coating (Sa=210.4 nm) brought about a further friction
reduction of 10-20% in the mixed lubrication regime compared with smooth CI sample.
The opened pores on TS coated surface during lubricated sliding possibly enhanced its oil
retention capability, as the oil retention depth ratio (Svk/Sk) measured on the TS coating
sample was 65% higher than that measured on the smooth CI sample. This improved oil
retention capability was suggested to be beneficial in reducing sliding friction under the
mixed lubricated regime.
Thus from the tribological point of view, the pores generated during TS process,
rather than being regarded as metallurgical defects in the coating structure, could
potentially be beneficial in improving oil retention capability and reducing lubricated
sliding friction. Future studies comparing the friction behaviour of TS steel coatings
incorporating pores with different aspect ratios and volume fractions would be useful to
further optimize the tribological performance of TS steel coated Al-Si cylinder bores.
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CHAPTER 7
Effect of Piston Ring Coatings on Friction Reduction of Thermal Spray Coated
Engine Bores and Cast Iron Liners with Different Surface Roughness
7.1 Introduction
Fuel economy is the major driving force behind the technological innovations of
modern internal combustion (IC) engines. In this context, the consistent efforts to develop
energy-efficient engines by increasing the power density of engine cylinder have been
notable in recent years [1, 2]. It is well known that the parasitic friction losses generated
during the interactions between the engine cylinder bore and the piston ring consume a
large portion of available fuel energy [3, 4]. Thus, both the desire to increase cylinder
power output and the need to reduce friction necessitate the optimization of the
tribological design of cylinder bore-piston ring interface. Conventionally lightweight AlSi engine blocks require the insertion of cast iron (CI) liners as sliding surfaces to impart
low friction property and high wear resistance [5]. In past decades thermal spray (TS)
steel coated engine bores have been considered as promising candidates to replace the use
of CI liners and contributed to further vehicle lightweighting [6, 7]. Sliding surfaces of
engine cylinder bore/liner normally incorporate surface textures typically consisting of
cross-hatched patterns [8] which are generated by honing tools for the purposes of
creating additional oil reservoirs and improving oil retention capability [9]. However,
mirror-like bore surface finish has also been noted in recent years and is suggested to
reduce engine friction and wear [10].
In addition to the composition, bulk and surface properties of engine bore/liner
materials, another important factor that affects engine friction is the coatings on the
206

piston ring counterfaces. The top compression ring (TCR) of the piston ring package is
among the most critical engine components as it is subjected to hot combustion gases and
high stress levels upon reaching the top dead center (TDC) of the cylinder bore surface
on the firing stroke cycle [11-13]. It is generally accepted that the boundary lubrication
regime prevails at this contact location and a high degree of wear occurs [14-17].
Diamond-like carbon (DLC) coatings have long been known for their low friction and
low adhesion to lightweight Al alloys under dry sliding contact due to the formation of a
carbon transfer layer and the surface passivation by H or OH [18]. Thus, the low
coefficient of friction (COF) values (<0.2) at a dry sliding condition can be maintained up
to a temperature of 100 °C for a non-hydrogenated DLC (NH-DLC), and up to 200 °C for
a hydrogenated DLC (H-DLC) [19, 20]. Recently these coatings have been used in massproduced engines due to the improvements in coating deposition techniques [21]. For
lightweight Al-Si engine blocks protected by CI liners or TS steel coatings, the possibility
of scuffing could be reduced using H-DLC coated piston rings [22, 23]. In addition, the
use of H-DLC coated piston rings reduced the engine friction losses by 20% compared
with nitrided piston rings, as determined by conducting fired single cylinder engine tests
[23].
The usefulness of DLC coatings for lightweight alloys and their protectors made
of ferrous material has been extensively studied under a boundary lubricated condition
[24-29]. Bhowmick et al. [24] studied the friction properties of H-DLC (40 at.% H) and
W-DLC (20 at.% W and <2 at.% H) coatings sliding against an Al alloy (A319 Al) using
a pin-on-disk tribometer. Tests were conducted at an applied load of 5 N and a sliding
speed of 0.12 m/s under the boundary lubrication regime. The lubricants (LubriFluid,
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Vogel, Germany) used contained high concentrations of sulphur (S) and phosphorus (P)
additives. The results showed that compared with the H-DLC coating (0.14), the W-DLC
coating exhibited a lower COF (0.11) due to the formation of WS2 containing transfer
layers on the A319 Al counterface.
Banerji et al. [25] compared the friction performances of ASM type A grey CI
sliding against itself and a NH-DLC coating under the boundary lubrication regime. Tests
were conducted at an applied load of 5 N and a sliding speed of 0.05 m/s lubricated by
engine oil 5W30 using a pin-on-disk tribometer. The CI/CI tribosystem exhibited a
higher COF value of 0.13 in the steady-state friction period compared with that of 0.09
for the CI/NH-DLC tribosystem. The low friction of CI/NH-DLC tribosystem could be
derived from the passivation of carbon bonds on NH-DLC surface. Another study [26]
conducted using a reciprocating tribometer on TS 1010 steel coated bore samples sliding
against H-DLC (25 at.% H) and CrN coated piston rings revealed that the use of DLC
coated piston ring resulted in a lower boundary lubricated COF value of 0.10 compared
with that of 0.12 for the CrN coated piston ring. Kano [27] conducted pin-on-disk type
friction tests for non-hydrogenated tetrahedral amorphous carbon (ta-C) and H-DLC (20
at.% H) coatings sliding against AISI 52100 bearing steels using engine oil 5W30 under a
pressure of 700 MPa and at a temperature of 80 °C. The results revealed that at the
boundary lubrication condition the ta-C coating showed a lower COF (0.08) compared to
that of the H-DLC coating (0.10). De Barros’ Bouchet et al. [28] compared the boundary
lubricated friction behaviour of H-DLC (50 at.% H) and NH-DLC (<5 at.% H) coatings
sliding against AISI 52100 steel cylinder counterfaces using a Cameron-Plint tribometer
at a normal load of 350 N, a sliding speed of 0.2 m/s and a temperature of 100 °C. The

208

results showed that the steady-state COF of the H-DLC coating was about 0.1 while that
of the NH-DLC coating was around 0.09 when base oil (poly-alpha-olefin, PAO) was
used as the lubricant; however, when PAO with the additions of the friction modifier
(molybdenum dialkyldithiocarbamate, MoDTC) and the anti-wear modifier (zinc
dialkyldithiophosphate, ZDDP) was used, the H-DLC coating exhibited a lower COF
value of 0.05 compared with that of 0.08 for the NH-DLC coating. Haque [29] studied
the tribolayer formation on non-ferrous coatings consisting of H-DLC (30 at.% H)
coating and CrN coating that were placed in sliding contact with grey CI (BS 1452)
counterfaces under the boundary lubrication condition. Tests were conducted using a pinon-plate reciprocating tribometer at an applied load of 326 N and a test temperature of
100 °C. It was found that the MoDTC in the lubricating oil induced the formation of low
friction tribolayers mainly consisting of MoS2 on both types of non-ferrous coatings
tested, while the anti-wear tribolayers deriving from the ZDDP decomposition were only
observed on the CrN coating surfaces.
In addition to the boundary lubrication condition, Vengudusamy et al. [30]
studied the friction behaviour of H-DLC (20 at.% H) coatings under the mixed
lubrication regime using a ball-on-disk minitraction machine (MTM) at a rolling-sliding
condition. Similar COF values were recorded for the H-DLC/H-DLC tribosystem and the
steel/steel tribosystem in the initial friction period. However, during prolonged sliding
contact the steel/steel tribosystem revealed increased COF values due to the tribolayer
(typically 50-150 nm thick) formation from ZDDP decomposition. Kalin et al. [31, 32]
investigated the frictional responses of H-DLC (30 at.% H) /steel and H-DLC/H-DLC
tribosystems under the elastohydrodynamic lubrication (EHL) regime using a ball-on-flat
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reciprocating tribometer with sliding speed varying from 0.01 m/s to 0.41 m/s. It was
found that the H-DLC/H-DLC tribosystem achieved the lowest COF in this regime
followed by the H-DLC/steel tribosystem and then the steel/steel tribosystem. Bjorling et
al. [33] attributed the low COF values of Cr-DLC/Cr-DLC tribosystem in the EHL
regime to the increased oil temperature that resulted in lower shear resistance of oil
molecules in the contact area.
From the above review, it can be seen that the friction reduction effect of DLC
coatings during lubricated sliding has been extensively studied under different lubrication
regimes and normally in comparison to uncoated steels. However, from an engineering
point of view the frictional properties of CI liners and TS steel coated Al-Si bores with
and without surface textures when sliding against DLC coated piston rings remain to be
studied. Accordingly, this chapter aims at studying the combined effects of changing
bore/liner roughness and the use of DLC coated piston rings on the sliding friction
behaviour of CI liners and TS coated bores. An Anton-Paar reciprocating tribometer was
initially used to study the role of a DLC coated piston ring on friction reduction of a
mirror-polished bore surface under different lubrication regimes. A self-built
reciprocating tribometer with a stroke length of 100 mm, which is comparable to the
stroke lengths of actual engines [34], was subsequently employed to examine the
tribological compatibility between the DLC coated TCR and the cylinder bore/liners
subjected to standard and smooth honing. The usefulness of DLC coated piston rings in
lightweight IC engines was assessed with reference to industry-standard CrN coated
piston rings and in the form of Stribeck curves. The focused ion beam (FIB, Carl Zeiss
NVision 40 CrossBeam) lift-out technique combining with transmission electron
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microscopy (TEM, FEI Titan 80-300 HB) helped to characterize the tribolayer and
transfer layer formation on the bore surfaces after sliding tests.
7.2 Experimental
7.2.1 Diamond-like carbon (DLC) coated piston rings
The piston ring coatings studied encompassed a CrN coating, a H-DLC (25 at.%
H) coating and a NH-DLC (<2 at.% H) coating. The cross-sectional secondary electron
(SE) images of the coated top compression rings (TCR), supplied by Riken Co., are
shown in Figures 7.1 (a)-(c). The CrN coating that had a thickness of ~25.8 µm was
directly deposited onto the medium carbon steel substrate, whereas the 5.5 µm thick HDLC coating and the 3.5 µm thick NH-DLC coating were deposited on a CrN interlayer
for the purpose of improving adhesion properties. The thickness of piston ring coatings
and interlayers was determined using scanning electron microscope (SEM, FEI Quanta
200 FEG) image analyses. These coated TCRs were cut into segments and used as
counterfaces in the lubricated sliding tests, as will be described in Section 7.2.3.
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Figure 7.1 Cross-sectional secondary electron (SE) images of (a) CrN coated medium
carbon steel top compression ring (TCR), (b) H-DLC coated TCR, and (c) NH-DLC
coated TCR.
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7.2.2 Cylinder bore/liner surface finish
The test samples used in this chapter were sectioned from 4-cylinder lightweight
Al-Si (Al-9.0% Si) engine blocks with ASM type D cast iron (CI) liners or plasma
transferred wire arc (PTWA) thermal spray (TS) carbon steel (AISI 1010) coated cylinder
bores. Figure 7.2 (a) shows the dimensions of the engine block with CI liners as an
example. The samples were sectioned from the inner walls of the engine cylinder using
electrical discharge machining (EDM) as shown in Figure 7.2 (b) and each sample had
dimensions of 127 mm×12 mm (Figure 7.2c). These samples will be used on the longstroke reciprocating tribometer, as will be described in detail in Section 7.2.3.

Figure 7.2 Photographs showing (a) the dimensions of the lightweight Al-Si engine
block from which the cylinder bore/liner samples were cut; (b) the Cylinder #2 of the
engine block after electrical discharge machining (EDM); (c) the samples taken out of
Cylinder #2 used as the test sample for the long-stroke reciprocating tribometer. The x
direction refers to the longitudinal direction of engine cylinder while the y direction
refers to the circumferential direction of engine cylinder.
Four types of engine bore/liner samples were studied, namely i) rough-honed CI
sample, ii) smooth-honed CI sample, iii) smooth-honed TS coating sample, and iv)
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polished TS coating sample. The surface roughness parameters of the samples subjected
to rough honing and smooth honing have been given in Chapter 6, while the polished TS
coating sample had an arithmetic mean surface roughness (Sa) of 24.5±2.4 nm, a coreroughness depth (Sk) of 69.6±7.4 nm, a reduced peak height (Spk) of 34.7±2.9 nm, and a
reduced valley depth (Svk) of 64.5±9.7 nm, as determined by the optical profilometer
(Wyko NT-1100) operating in the white light vertical-scanning interferometry (VSI)
mode.
7.2.3 Tribological tests
Friction tests were initially carried out on polished TS coating samples in contact
with CrN coated and NH-DLC coated TCR segments using an Anton-Paar (formerly
CSM) reciprocating tribometer as shown in Figure 7.3. The purpose of conducting this
set of friction test is to examine the role of carbon-based piston ring coatings on friction
reduction under different lubrication regimes excluding the potential impact of bore
surface roughness. Tests were conducted at different stroke lengths of 1-40 mm and
reciprocating frequencies of 2.5-5.0 Hz, covering an average sliding speed range of
0.005-0.3 m/s. At each sliding speed the test was carried out on a new TS coating sample
with polished surfaces that had identical roughness values. A constant load of 5.0 N was
maintained for a total duration of 5,000 sliding cycles at each test speed.
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Figure 7.3 Photograph showing the main part of the Anton-Paar reciprocating tribometer.
SD is short for sliding direction, and LD is short for loading direction.
The friction tests conducted on the Anton-Paar tribometer are solely focused on
the role of piston ring coatings on lubricated friction at different sliding speeds, thus
further tribological investigations are needed to examine the combined effects of piston
ring coatings and bore/liner surface roughness. The samples sectioned from engine block
bore/liners, as well as the segments cut from TCRs were tested on the long-stroke
reciprocating tribometer built at University of Windsor. The photograph of the main part
of this reciprocating tribometer is shown in Figure 7.4. The slider, which is driven by a
servo motor through an eccentric gear, travels back and forth together with the piston ring
holder on a horizontal sliding guide, and the travel distance (stroke length) of the slider is
100 mm. Before each test, the piston ring segment that has a thickness of 1.2 mm and a
length of 10 mm is fixed in the ring holder, while the cylinder liner sample that has a
length of 127 mm and a width of 12 mm is fit into the slot of the liner holder. The lower
stage together with the liner holder could move up, such that the cylinder liner sample is
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in contact with the piston ring segment. A lever system underneath the lower stage is
used to apply the normal load, with one end connecting to the lower stage and the other
end hanging weights. The oil channel is connected to the slot of the liner holder and is
designed for the discharge of excessive oil. During the sliding tests, the electrical signals
of the friction force, which is generated in the horizontal direction, are continuously
recorded using the load cell (PCB 208C01) at a data acquisition frequency of 1,600 Hz.
The electrical signal, V (unit: mV), can be converted into force, F (unit: N), using the
calibrated equation given as follows: F  V  0.0086 / 0.1097 .
The friction tests were conducted on rough CI sample, smooth CI sample and
smooth TS coating sample that were placed in sliding contact with the segments cut from
CrN coated and H-DLC coated TCRs using the long-stroke tribometer. The reciprocating
frequency was adjusted from 1 Hz to 10 Hz to realize an average sliding speed ranging
between 0.2 m/s and 2.0 m/s. In total ten speed steps constituted an entire friction test,
and the total test duration was 1,800 s. The applied normal load was maintained at 167 N
and the lubricant used was engine oil 5W30. Initially 200 μL lubricant was applied to the
surfaces of the bore/liner samples prior to the sliding tests, and the same quantity of oil
was added to the surfaces at the beginning of each test step. The lubrication regimes were
determined by calculating the λ ratio of the minimum film thickness to the composite
surface roughness as indicated in Chapter 6.
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Figure 7.4 Photograph showing the main part of the long-stroke reciprocating tribometer
built at University of Windsor. SD is short for sliding direction, and LD is short for
loading direction.
7.3 Results and discussion
7.3.1 Polished thermal spray coating samples against NH-DLC coated piston rings
The relationship between bore surface roughness and sliding friction has been
elucidated in Chapter 6, and the low sliding friction deriving from smooth bore surface
finish was noted under the mixed lubrication regime. This chapter aims at studying the
friction reduction effect of carbon-based piston ring coatings when subjected to
transitions of lubrication regimes as well as changes of bore surface roughness, thus the
initial tribological investigation conducted in this section was on polished TS coating
samples that were placed in contact with different piston ring coatings.
Figures 7.5 (a)-(b) show the variations of COF with sliding contact cycles for
polished TS coating samples sliding against CrN coated TCR and NH-DLC coated TCR
at sliding speeds ranging between 0.005 m/s and 0.30 m/s. In general, each friction curve
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was characterized by a running-in period followed by a steady-state friction period, and
longer running-in periods were normally experienced when polished TS coating samples
were tested against NH-DLC coated TCR.

Figure 7.5 Variations of coefficient of friction (COF) with reciprocating cycles for
polished TS coating samples sliding against (a) CrN coated TCR and (b) NH-DLC coated
TCR at average sliding speeds ranging between 0.005 m/s and 0.30 m/s.
The average COF values in the steady-state friction period were calculated at each
test speed, and are shown in Figure 7.6. Lower COF values were observed at low sliding
speeds (0.005-0.15 m/s) for polished TS coating samples sliding against NH-DLC coated
TCR; while at high sliding speeds (0.25-0.30 m/s) the COF values were similar to those
recorded in the tests conducted using CrN coated TCR. The average COF values were
further plotted against the λ ratio with the demarcation of lubrication regimes, and are
shown in Figure 7.7. It is clear that the use of NH-DLC coating as the counterface could
effectively reduce the COF in the boundary and mixed lubrication regimes where the
interfacial contacts are supposed to be more prominent than the EHL regime. To be more
specific, the NH-DLC coated TCR gave rise to a friction reduction by ~30% in the
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boundary lubrication regime and a friction reduction by ~20% in the mixed lubrication
regime compared with the CrN coated TCR.

Figure 7.6 Average COF plotted against average sliding speed for polished TS coating
samples sliding against CrN coated and NH-DLC coated TCRs.

Figure 7.7 Average COF plotted against λ for polished TS coating samples sliding
against CrN coated and NH-DLC coated TCRs.
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The transfer layer formation on the polished TS coating surfaces after sliding
against the NH-DLC coated TCR under a boundary lubrication condition (λ=0.23 as
labelled in Figure 7.7) was studied by performing TEM studies on the cross-sectional
samples prepared by the FIB lift-out technique. Figure 7.8 shows the formation of a
continuous carbon transfer layer with a thickness of ~34 nm on the top of a ~30 nm thick
oil residue layer that was generated as a result of the sliding-induced decomposition of oil
molecules and ZDDP additives [24, 35-37]. The oil residue layer could act as the
protective tribolayer to limit the lubricated wear of engine bore/liner [35, 36], whereas
the carbon transfer layer on the top imparted the low friction performance [37].

Figure 7.8 Cross-sectional bright-field transmission electron microscope (TEM) image
taken from the wear track formed on the polished TS coating sample after sliding against
NH-DLC coated TCR under the boundary lubrication regime (λ=0.23).
7.3.2 Honed cylinder bore/liner samples against H-DLC coated piston rings
To further study the combined effects of carbon-based piston ring coatings and
bore surface roughness on sliding friction, reciprocating sliding tests were performed on
rough-honed CI, smooth-honed CI and smooth-honed TS coating samples against CrN
and H-DLC coated TCRs. These tests were conducted using the long-stroke tribometer
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and by increasing the speed from 0.2 m/s to 2.0 m/s in steps of 180 s. Variations of COF
values with time (and sliding speed) are shown in Figures 7.9 (a)-(c). For rough CI
samples (Figure 7.9a), the use of H-DLC coated TCR reduced the COF in the entire
range of (average) sliding speed investigated. The COF values decreased from ~0.09 at
0.2 m/s to ~0.04 at 2.0 m/s when sliding against H-DLC coated TCR, compared with
COF values of ~0.10 at 0.2 m/s and ~0.05 at 2.0 m/s recorded in the tests that used CrN
coated TCR. For smooth CI and TS coating samples (Figures 7.9b-c), the differences in
COF between the CrN coated TCR and the H-DLC coated TCR can be observed at some
low speed steps (<0.8 m/s); however, at high speed steps (1.0-2.0 m/s) the differences
were not distinct.
Variations of friction forces of rough CI, smooth CI and smooth TS coating
samples sliding against CrN and H-DLC coated TCRs at reciprocating frequencies of 1
Hz and 10 Hz are shown in Figures 7.10 (a)-(f) for two consecutive reciprocating cycles.
It can be seen that compared with CrN coated TCR, the H-DLC coated TCR reduced the
friction at both the mid-stroke region and the reversal positions on rough CI samples
(Figures 7.10a-b), whereas for smooth CI samples and smooth TS coating samples, the
friction reduction benefits brought by H-DLC coated TCR were marginal (Figures 7.10cf). The average COF values obtained from Figure 7.9 were plotted as a function of the
average sliding speed and are shown in Figures 7.11 (a)-(c). The use of H-DLC coated
TCR as the counterface reduced the COF in the full speed range of 0.2-2.0 m/s when
sliding against the rough CI samples. For smooth CI samples and smooth TS coating
samples, on the other hand, similar trends were observed as the use of H-DLC coated
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TCR only reduced the COF at low sliding speeds (typically <0.8 m/s) rather than high
sliding speeds (1.0-2.0 m/s).

Figure 7.9 Variations of COF with average sliding speed stepwise increasing from 0.2
m/s to 2.0 m/s for (a) rough cast iron (CI) samples, (b) smooth CI samples, and (c)
smooth TS coating samples sliding against CrN and H-DLC coated TCRs.
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Figure 7.10 Friction forces measured at two consecutive reciprocating cycles for rough
CI samples sliding against CrN and H-DLC coated TCRs at a reciprocating frequency of
(a) 1 Hz (corresponding to an average sliding speed of 0.2 m/s) and (b) 10 Hz (2.0 m/s);
for smooth CI samples sliding against CrN and H-DLC coated TCRs at (c) 1 Hz (0.2 m/s)
and (d) 10 Hz (2.0 m/s); for smooth TS coating samples sliding against CrN and H-DLC
coated TCRs at (e) 1 Hz (0.2 m/s) and (f) 10 Hz (2.0 m/s).
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Figure 7.11 Average COF plotted against average sliding speed for (a) rough CI samples,
(b) smooth CI samples and (c) smooth TS coating samples sliding against CrN and HDLC coated TCRs.
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At this point it is beneficial to discuss the effect of DLC counterface with the
demarcation of lubrication regimes. The average COF values plotted as a function of λ
ratio (see Equations 6.1-6.2 in Chapter 6) are shown in Figures 7.12 (a)-(c). It can be seen
that the current loading conditions selected on the long-stroke reciprocating tribometer
realized a λ range of 1.0-5.0. Thus, with this long-stroke tribometer the EHL regime
could be attained in addition to the mixed lubrication regime. Although the COF values
under the EHL regime are generally low, the friction behaviour of cylinder bore/liners in
contact with piston rings under this regime are important as the EHL regime prevails over
a wide range of the reciprocating stroke during engine operations [17]. For rough CI
samples (Figure 7.12a), the use of H-DLC coating as the counterface reduced the COF by
~10% under both the EHL regime and the mixed lubrication regime. For the CI and TS
coating samples with smooth surfaces (Figures 7.12b-c), the use of a counterface with HDLC coating reduced the COF by ~5% in the mixed lubrication regime characterized by
lower λ ratios (λ<2). Thus it is clear that the friction reduction effect of H-DLC piston
ring coatings was dependent on the roughness of engine bore/liner surfaces. Generally the
higher roughness, the more significant was the friction reduction when H-DLC coated
TCR was used. The underlying friction reduction mechanism in terms of transfer layer
formation has been delineated in Section 7.3.1.
Comparisons were made between rough CI, smooth CI and smooth TS coating
samples, and Figures 7.13 (a)-(b) show the friction behaviour of these engine bore/liner
samples sliding against CrN coated TCR as well as H-DLC coated TCR. Lower COF
values especially in the mixed lubrication and the EHL regimes were achieved on smooth
TS coating samples regardless the counterfaces used. Besides the benefits of using
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smooth TS coating for friction reduction, another interesting observation is that for rough
CI liners, the use of H-DLC coated piston ring could reduce the COF to the same extent
as that achieved by smooth-honing.
Here, it is also pertinent to mention that the COF values of NH-DLC coating
under the boundary lubrication condition normally stabilized around 0.08 (Figure 7.7),
while that of H-DLC coating was typically around 0.10 (Figure 7.12). Thus the lower
COF values achieved by NH-DLC coating under a lubricated condition might be related
to the passivation of carbon dangling bonds on the NH-DLC coating surfaces by the
oxygen species in the lubricating oil [19, 38, 39].

226

Figure 7.12 Average COF plotted against λ for (a) rough CI samples, (b) smooth CI
samples and (c) smooth TS coating samples sliding against CrN and H-DLC coated
TCRs.
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Figure 7.13 Average COF plotted against λ for rough CI samples, smooth CI samples
and smooth TS coating samples sliding against (a) CrN and (b) H-DLC coated TCRs.
7.4 Summary and conclusions
The results arising from this chapter demonstrated that the effectiveness of DLC
coated piston rings on friction reduction depended on the formation of a carbon transfer
layer on the bore/liner surfaces; and the transfer process was favored when larger extent
of asperity contact occurred on the sliding contact surfaces. Accordingly, a 10% friction
reduction was observed on rough CI samples compared with a 5% friction reduction
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achieved on smooth CI and TS coating samples when the tests were conducted using HDLC coated TCR. In addition, a 30% friction reduction was attained in the boundary
lubrication regime compared with a 20% friction reduction in the mixed lubrication
regime with the use of a NH-DLC coated TCR. Compared with H-DLC coating, the
lower COF values of NH-DLC coating under the boundary lubrication regime suggested
that the surface passivation of dangling carbon bonds might have also played a role in
friction reduction.
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CHAPTER 8
General Discussion and Future Work
8.1 General discussion
The study of wear and friction mechanisms in two critical tribosystems in
lightweight IC engines, i.e. the valve-seat insert and the cylinder bore-piston ring has
contributed to the ongoing efforts in vehicle lightweighting and tribology. This was
achieved by developing new tribometers and tribological methods that allowed to
conduct wear and friction tests under conditions that could not be performed previously.
For the investigation of lightweight materials for engine valves a high temperature wear
and impact tribometer was developed and instrumented to conduct impact and wear tests
at typical intake and exhaust valve working temperatures. The experiments conducted on
Ti alloys have shown that a thermal oxidation treatment would improve the high
temperature wear resistance of these alloys due to the reduced propensity of crack growth
in the oxide layers and the elimination of subsurface plastic strains in the base alloys. It
was also shown that DLC coatings are high temperature alternative coatings as the WDLC coating reduced friction and wear at temperatures up to 500 °C due to the formation
of carbon transfer layers incorporating γ-WO3 crystals. For the study of thermal spray
coatings for lightweight cylinder bores, in addition to the use of commercial reciprocating
tribometers, a long-stroke reciprocating tribometer was developed to perform friction
tests at high sliding speeds and under the elastohydrodynamic lubrication (EHL) regime.
Stribeck curves with the consideration of changes of sliding speed and surface roughness
were constructed to examine the roles of bore/liner materials and their surface finish,
lubricant additives as well as piston ring coatings on sliding friction. The experiments
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conducted on rough-honed thermal spray coatings under an oxidational wear mechanism
have shown that the transition from the boundary lubrication to the mixed lubrication
regime occurred at a lower sliding speed due to the reduction of bore surface roughness.
It was also shown that the use of smooth-honed thermal spray coatings contributed to
friction reduction under the mixed lubrication regime due to the combined effects of less
asperity contact and improved oil retention capability. The DLC coatings could be low
friction alternative coatings for piston rings as the NH-DLC coated piston ring gave rise
to friction reduction under the boundary lubrication regime due to the formation of
carbon transfer layers. Details of the achievements are as follows.
8.1.1 Lightweight engine valves
As indicated in Section 2.2.1, the exhaust engine valves are exposed to hot
combustion gases, which result in working temperatures in the range of 550-600 °C in
gasoline engines. The heat is subsequently conducted to the seat inserts that operate in the
temperature range of 400-500 °C. To reduce the friction and wear of valve-seat insert
tribosystem, two types of high temperature coatings, namely the TiO2 coating generated
by thermal oxidation (TO) and the W-DLC coating deposited by physical vapour
deposition (PVD) method were proposed for valves and seat inserts. Tribological tests
were performed in a range of 25-550 °C covering the typical working temperatures of the
tribosystem being studied.
Chapter 3 described and discussed the high temperature wear and impact
behaviour of thermally oxidized Ti alloys. Thermal oxidation treatment (at 600 °C for 60
h) was used to generate a continuous TiO2 (rutile) surface layer and an oxygen diffusion
zone (ODZ) underneath on the Ti-Al-4V alloy surface. Tests were conducted at 25 °C,
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350 °C (intake valve working temperature) and 550 °C (exhaust valve working
temperature) using a high temperature wear and impact tribometer equipped with a twoway air cylinder loading system. The results showed that compared with untreated Ti6Al-4V, TO-Ti-6Al-4V exhibited lower volumetric sliding wear losses at elevated
temperatures. The lowest wear loss was observed at 550 °C due to the preservation of
both TiO2 layer and ODZ. The TiO2 layer prevented generation of large plastic strains in
the ODZ and in the base Ti-6Al-4V alloy and hence restricted the wear loss, while the
ODZ acted as a secondary barrier to reduce the extent of subsurface plastic deformation.
According to the high temperature impact tests performed on TO-Ti-6Al-4V, increasing
the temperature was beneficial for maintaining surface layers with high ductility and high
resistance to crack growth.
The next chapter (Chapter 4) focused on the high temperature friction and wear
behaviour of W-DLC coatings. Tests were conducted using a high temperature pin-ondisk tribometer (Anton-Paar) under an oxygen atmosphere for the purpose of increasing
the propensity of oxide formation. The reason for conducting these experiments was to
determine the work conditions (temperature and atmosphere) suitable for W-DLC
coatings with favorable tribological performances. Low coefficient of friction (COF)
values (≤0.15) and low wear rates (≤3.6×10−5 mm3/Nm) were achieved and maintained
up to a temperature of 500 °C. The formation of a transfer layer rich in carbon was
responsible for the low friction and low wear at 25 °C, and the carbon transfer layers
incorporating γ-WO3 were suggested to be responsible for the low COF values and low
wear rates in the temperature range of 100-500 °C. These results suggested that the W-
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DLC coating could potentially be applied on exhaust valve seat insert for friction and
wear reduction and may have other high temperature applications.
8.1.2 Lightweight cylinder bores
The running surfaces of cylinder bores are subjected to lubricated sliding contact
with piston rings with variations of load, speed, temperature and lubrication regimes. To
reduce the friction and wear of cylinder bore-piston ring tribosystem, thermal spray steel
coatings deposited by plasma transferred wire arc (PTWA) method and DLC coatings
deposited by PVD method were proposed for cylinder bores and piston rings. The
samples used in this part of tribological investigations were sectioned from the engine
blocks supplied by General Motors (GM), and this study stemmed from their need to
develop new generation of engines with durable and energy-efficient sliding surfaces.
Tribological tests were performed under the boundary lubrication, the mixed lubrication
and the EHL regimes using a specially constructed long-stroke reciprocating tribometer
and also using the industry-standard Cameron-Plint reciprocating tribometer as well as
the Anton-Paar reciprocating tribometer as needed. Stribeck curves were established to
elucidate the roles of bore coatings, surface finish, lubricant additives and piston ring
coatings on lubricated sliding friction.
Chapter 5 showed the tribochemical behaviour of thermal spray bore coatings
when subjected to different types of lubricants, and discussed the effect of oxidational
wear on sliding friction under both dry and lubricated conditions. This was important
because the generation of additional oxides different than the initial FeO in the coating
structure might affect the friction and wear behaviour of cylinder bores. The oxidational
wear during dry and boundary lubricated sliding of thermal spray steel coatings induced
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formation of tribolayers consisting of iron oxides, initially consisting of Fe3O4 and then
rich in Fe2O3 as determined using in-situ Raman spectroscopy. Lubricated sliding tests
were performed on a Cameron-Plint tribometer covering the boundary and mixed
lubrication conditions using a base oil (Polyol ester, POE) with and without zinc
dialkyldithiophosphate (ZDDP) addition. The use of ZDDP containing POE led to the
generation of an amorphous carbon tribolayer incorporating ZnS and FePO4 nano-crystals
that inhibited sliding-induced Fe2O3 debris formation, and consequently resulted in a
reduced wear rate, but the steady-state COF was higher during the boundary lubricated
sliding. According to the partial Stribeck curves generated, the prevention of oxidational
wear by the formation of oil residue layer delayed the transition from the boundary
lubrication to the mixed lubrication regime. These results emphasized the relationships
between friction, wear and surface roughness during lubricated sliding, and indicated the
importance of using smooth bore surface in reducing sliding friction when ZDDP
containing lubricant was used for wear reduction.
Chapter 6 showed the effect of surface roughness of cylinder bore/liners on
friction reduction. The friction and wear properties of smooth-honed thermal spray steel
coatings were studied in comparison to the conventional CI liners. The CI liners
subjected to the same (smooth) honing strategy as that applied on the thermal spray
coated surfaces were used as references. Another set of CI liners with rough surfaces
generated by the standard honing strategy were also studied to elucidate the role of
roughness on sliding friction. Laboratory-scale reciprocating tests were performed on
thermal spray coating and CI samples using a Cameron-Plint tribometer corvering the
boundary and mixed lubrication conditions using SAE 5W30 as the lubricant. Stribeck
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curves were constructed by considering the COF at the mid-stroke position as well as the
roughness and the speed measured at this location. The results showed that compared
with rough CI surfaces, smooth CI sample reduced the COF by 20-40% and the wear rate
by 50% in the mixed lubrication regime. The lower COF and wear rate derived from the
lesser extent of asperity contact that occurred on smooth CI surfaces under this
lubrication condition. The use of thermal spray coatings provided a further reduction in
COF by 10-20% in the mixed lubrication regime compared with the smooth CI sample,
which might benefit from the improved oil retention capability of the porous thermal
spray coated surfaces during lubricated sliding.
Chapter 7 showed the effect of piston ring coatings on friction reduction. Friction
tests covering the boundary lubrication, the mixed lubrication and the EHL regimes were
conducted using a long-stroke reciprocating tribometer and an Anton-Paar reciprocating
tribometer on rough-honed CI, smooth-honed CI, smooth-honed thermal spray coating
and mirror-polished thermal spray coating samples against carbon-based (H-DLC coated
and NH-DLC coated) piston rings with reference to the CrN coated piston rings. A 10%
friction reduction was observed on rough CI samples compared with a 5% friction
reduction achieved on smooth CI and thermal spray coating samples when the tests were
conducted using H-DLC coated piston ring. In addition, a 30% friction reduction was
attained in the boundary lubrication regime compared with a 20% friction reduction in
the mixed lubrication regime with the use of a NH-DLC coated piston ring. The
effectiveness of DLC coated piston rings on friction reduction was found to be dependent
on the formation of a carbon transfer layer on the bore/liner surfaces; and the transfer
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process was favored when interfacial contacts were more prominent, i.e., on a rough liner
surface and under the boundary lubrication regime.
8.2 Suggestions for future work
8.2.1 Durability of high temperature coatings for engine valves
The tribological investigations conducted in the study of lightweight engine
valves have focused on the role of temperature on crack growth using a ball-on-disk
impact test configuration, and the results helped to understand the behaviour of oxide
layers under high temperature impact and sliding wear conditions. With this fundamental
understanding, further studies involving cyclic impacts should be undertaken to examine
the oxide layers’ durability, as other types of impact cracks different than the initial ring
crack may occur during cyclic impacts, which would lead to the fragmentation and
exfoliation of oxide layers. For example, Figure 8.1 shows the results of cyclic impacts
performed on thermally oxidized Ti-6Al-4V. The surface cracks evolving from ring
cracks to radial cracks were observed, and the spallation of TiO2 layer occurred after the
emergence of radial cracks. As such, the examination of the durability of new valve
coatings (e.g. TiO2 layer) in comparison with the widely used PVD coatings (e.g. TiN
and CrN coatings) would be instrumental for the selection of suitable valve coatings in
automotive industry.
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Figure 8.1 Cyclic impacts performed on thermally oxidized Ti-6Al-4V using a wear and
impact tribometer at 200 N and 25 °C after (a)-(b) 1st impact, (c)-(d) 50th impact, and (e)(f) 100th impact.
8.2.2 Friction and wear behaviour of thermal spray bore coatings under limited supply of
lubricants
This work has shown the friction reduction benefits using a smooth-honed surface
during lubricated sliding under flooded lubrication. However, friction and wear properties
of cylinder bore/liner surfaces under lubrication starvation might be different from those
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observed under flooded lubrication. Engine cylinder bore/liners should be resistant to
friction and wear under lubrication starvation which may occur during the cold start or
the initial running-in of IC engines. Dry sliding condition is considered to be an extreme
of lubrication starvation, and has been studied in this work. However, a more common
situation of lubrication starvation could be limited amount of lubricants available on the
bore/liner surfaces especially at the top dead center (TDC). Figure 8.2 shows the friction
and wear (scuffing) behaviour of thermal spray steel coatings with limited amount of oil
supply (initially 10 μL lubricants without further addition). It can be seen that Fe2O3 and
Fe3O4 were generated as a result of the deficiency of ZDDP. The limited amount of liquid
oil was constantly consumed and transformed into amorphous carbon which was in a
solid state. Scuffing initiated after the thorough consumption of liquid oil and the
extensive generation of iron oxides.
Rough-honed surfaces with deeper grooves as oil reservoirs are expected to
provide lower friction and perhaps higher scuffing resistance compared with smoothhoned surfaces when limited amount of oil available in the sliding contact area. Thus, a
general comparison of sliding friction and scuffing resistance between rough-honed CI,
smooth-honed CI, smooth-honed thermal spray coating, and mirror-polished thermal
spray coating under starved lubrication in further studies would be informative to
understand the oil retention effect and to determine the suitable honing strategies for CI
liners and thermal spray steel coatings.

241

Figure 8.2 (a) Variations of COF during the sliding tests of rough-honed thermal spray
carbon steel (0.3 wt.% C) coatings against CrN coated TCRs under starved lubrication
condition. The blue curve represents the test running with the addition of 10 μL base oil
(POE) incorporating 1.4 wt.% ZDDP; the red curve represents the test running with the
addition of 10 μL POE without ZDDP and other additives. Raman spectra taken from the
peaks of honing patterns on thermal spray coated surfaces with the addition of 10 μL
POE+ZDDP (blue curve) after a total of (b) 27,000 reciprocating cycles, (c) 36,000
reciprocating cycles, (d) 45,000 reciprocating cycles and (e) 54,000 reciprocating cycles.
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8.2.3 Stribeck curves of sp2 and sp3 rich carbon-based piston ring coatings
Different types of carbon-based piston ring coatings may give rise to different
COF values especially under the boundary lubrication regime, thus the friction reduction
effect of these coatings, with both sp2 rich and sp3 rich structures, should be compared in
the form of Stribeck curves in future studies. Figure 8.3 shows the Stribeck curves
established for smooth-honed CI liner samples sliding against four types of DLC coated
TCRs, including the sp2 rich H-DLC and W-DLC coatings and the sp3 rich hydrogenated
tetrahedral amorphous carbon (ta-C:H) and non-hydrogenated tetrahedral amorphous
carbon (ta-C) coatings as an example. It can be seen that the lowest sliding friction was
achieved by H-DLC coating followed by the ta-C:H coating then the ta-C coating. The
W-DLC coating, on the other hand, exhibited significantly higher COF values compared
with other types of DLC coatings studied especially under the boundary and mixed
lubrication regimes. As such, the usefulness of carbon-based piston ring coatings in
friction reduction might have depended on the combined effects of transfer layer
formation and surface passivation, and this needs to be further verified. In addition,
Stribeck curves which has proven to be a useful tool to examine the tribological
compatibility between cylinder bore/liners and piston ring coatings could be developed
for a broader range of materials and tribosystems in IC engines.
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Figure 8.3 Mid-stroke COF plotted against the λ ratio at mid-stroke for smooth CI
samples sliding against H-DLC coated, W-DLC coated, hydrogenated tetrahedral
amorphous carbon (ta-C:H) coated and non-hydrogenated tetrahedral amorphous carbon
(ta-C) coated TCRs using a Cameron-Plint (TE 77) reciprocating tribometer at a load of
100 N and sliding speeds decreasing stepwise from 1.35 m/s to 0.01 m/s. The lubricant
used was SAE 5W30.
8.2.4 Lubricated friction-wear maps for lightweight cylinder bore materials
For the tribological design of lightweight engine bores, the friction behaviour that
indicate engine efficiency and the wear behaviour that indicate engine durability should
be thoroughly considered. The friction behaviour of engine bores, as stated before, are
closely related to several critical factors including the bore coatings and surface finish,
the ring coatings, the lubricants and additives as well as the service conditions and
lubrication regimes. The wear that occurs on the running surfaces of engine bores is even
more complex, as it is dependent on the factors mentioned hereinbefore, and it could also
change the roughness of running surfaces dynamically, which in turns affects the sliding
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friction of running surfaces. The relationships between friction, wear and roughness have
been delineated in this work (Chapter 5), and the λ ratio of lubricant film thickness to
composite surface roughness has been found to be a useful parameter to establish the link
between friction and wear of certain materials combinations. Accordingly, a friction-wear
map (Figure 8.4) incorporating λ ratio could be established to present the effect of ZDDP
on lubricated friction and wear behaviour of rough-honed thermal spray steel coatings at
a specific loading condition (100 N, 25 °C and 0.15 m/s).
In future, the simple friction-wear map as the one shown in Figure 8.4 could be
further expanded to cover a larger range of test conditions (e.g. load, speed, temperature)
corresponding to a wider range of λ ratio. In this way general friction-wear maps for
different materials combinations could be constructed to compare their friction and wear
behaviour and to screen suitable engineered materials and coatings for IC engines.
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Figure 8.4 Average steady-state COF plotted against average wear rate and λend for
rough-honed thermal spray carbon steel (0.3 wt.% C) coatings sliding against CrN coated
TCR using a Cameron-Plint (TE 77) reciprocating tribometer at an average sliding speed
of 0.15 m/s and an applied load of 100 N lubricated by POE+1.4 wt.% ZDDP and by
POE without additives. The error bars represent the standard deviations averaged from
three tests at the same loading condition. λend is calculated using minimum film thickness
(hmin) divided by composite surface roughness (S*) measured after 36,000 sliding cycles.
The 3D profilometry images in the insets show the worn surface morphologies of thermal
spray coatings after 36,000 sliding cycles lubricated by POE+1.4 wt.% ZDDP and by
POE without additives.
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CHAPTER 9
General Conclusions
9.1 Lightweight engine valves
Oxidation and oxide layer formation on the valve seating face are inevitable
during the high temperature operations of engine valves. Utilizing the pre-oxidation
treatment and the formation of preferential oxides (γ-WO3), this work provided a new
perspective for high temperature friction reduction and wear protection. The main
conclusions of the study on lightweight engine valves could be summarized into the
following points.
(1) Enhanced high temperature wear resistance of thermally oxidized Ti alloys
was due to the elimination of subsurface plastic strains. The oxygen diffusion zone could
act as secondary barriers to reduce the extent of subsurface deformation.
(2) High temperature ball-on-disk type impact tests were used to understand the
role of temperature on ductility and fracture of coatings. The oxide layers generated by
thermal oxidation exhibited reduced propensity of crack growth and hence increased
ductility at high temperature.
(3) Introduction of an oxygen rich atmosphere facilitated the formation of
lubricious γ-WO3. The transfer layers consisting of amorphous carbon and γ-WO3
crystals were identified by FIB/TEM and contributed to low COF values (≤0.15) in the
temperature range of 100-500 °C.
Thus, the oxide layers generated by thermal oxidation treatment with increased
high temperature ductility could be a promising high temperature coating for the wear
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protection of Ti alloys or TiAl intermetallics. The thermal oxidation treatment as a costeffective surface engineering method could be potentially used for mass-produced engine
components. The W-DLC coatings, on the other hand, could be used either at high
temperature (≥400 °C) or under an oxygen atmosphere that favors the γ-WO3 formation.
The potential applications of W-DLC coatings include exhaust valve seat inserts and
oxygen-assisted machining.
9.2 Lightweight cylinder bores
The friction behaviour of engine bores are dependent on test conditions
(lubrication regimes), materials (bore coatings and ring coatings), surface roughness, and
lubricant additives. This work evaluated the friction reduction effects of bore coatings
and ring coatings with the synergy of surface roughness and lubricant additives by
constructing Stribeck-type friction curves with the demarcation of lubrication regimes.
The main conclusions of the study on cylinder bores could be summarized as follows.
(1) Oxidational wear during the lubricated sliding of thermal spray coated
surfaces was identified and the evolution of oxide containing tribolayers was determined
using in-situ Raman spectroscopy. The oxidational wear reduced the roughness of
thermal spray coated bores, during which the transition from the boundary lubrication to
the mixed lubrication regime occurred at a lower speed.
(2) Friction reduction benefits deriving from low surface roughness and thermal
spray bore coatings were confirmed and mainly seen in the mixed lubrication regime. The
porous surface of thermal spray coatings with enhanced oil retention capability was
noted.
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(3) Carbon-based piston ring coatings, namely NH-DLC and H-DLC, contributed
to friction reduction but mainly on rough surfaces and under the boundary lubrication
regime. The governing mechanism was the formation of carbon transfer layers on the
bore surface.
Thus, thermal spray steel coatings with low friction, high wear resistance and
enhanced oil retention capability could be considered to supersede the conventional use
of CI liners in the next generation of IC engines. For the currently used CI liners
subjected to a standard honing strategy, the use of DLC coated piston rings could be a
viable way to reduce the sliding friction.
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